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Direct, non-oxidative conversion of natural gas to value-added chemicals has been 
identified as one of the grand challenges of the 21st century. Circumventing indirect and 
costly reforming steps is highly sought after and solid acids can play an important role in 
that. 
The direct conversion of methane to higher hydrocarbons and hydrogen can be 
catalyzed using “superacids” at < 450 °C. Reported superacid catalysts in solid, liquid, 
and gas phase included sulfated zirconia (SZ), HF-SbF5, FSO3H-SbF5, and HBr-AlBr3. 
Liquid and gas phase superacids presented difficulties in separation while the solid ones 
provided low yields. Here, we report a new class of Br-based solid superacids, AlBrx/H-
ZSM-5 (“ABZ-5”, x = 1 or 2). ABZ-5 is based on gas-phase HBr/AlBr3. This solid catalyst 
is synthesized using a vapor-phase process in which AlBr3 vapor is grafted on to solid H-
ZSM-5.  This catalyst is characterized using NH3-TPD, XRD, and DRIFTS. The results 
show that ABZ-5 is significantly more active than SZ and showed methane conversions 
of ~1% at 300 °C using ABZ-5.  Hydrocarbon products observed in the temperature range 
of 200-400 °C include both C2-C6 hydrocarbons and aromatics.  
In another approach to methane activation, Mo is doped on solid SZ to create a 
catalyst similar to Mo/H-ZSM-5, but with a different solid acid for methane 
dehydroaromatization (DHA). These catalysts were characterized using Raman, XPS, 
DRIFTS, SEM-EDS, HRTEM, XRD, XANES and other temperature programmed 
techniques. Raman spectra confirmed the formation of Mo = O and O-Mo-O bonds on the 
surface of SZ support. DRIFTS confirmed that there was little difference in acid sites when 
Mo was doped on SZ, except at higher Mo loadings. XPS, XANES, and HRTEM analyses 
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showed that MoO3 is converted to MoOxCy and is further converted to Mo2C as the DHA 
reaction progresses. Further, these catalysts were evaluated for methane DHA reaction. 
All of these catalysts showed methane conversions of 5-20 % at temperatures of 600-
700 °C. In each case, the catalysts deactivated steadily, attributable to strong coking on 
the surface, as confirmed with TPO. A comparison with literature showed that Mo/SZ has 




Chapter 1 . Introduction 
1.1 Research objective 
The purpose of this research is to synthesize, characterize, and evaluate the catalysts 
for converting methane (CH4) into value-added chemicals including ethylene, benzene, 
hydrogen, and other hydrocarbons. The objective of the research includes: 
 Synthesize a solid acid catalyst based on AlBr3 supported on inorganic support 
in order to oligomerize methane into value-added chemicals (C2+). 
 Synthesize a bifunctional solid acid catalyst based on Mo and sulfated zirconia 
(SZ) in order to dehydro-aromatize methane into ethylene, benzene, and H2. 
 Utilize various characterization methods to characterize these both type of 
catalysts under ex-situ conditions. 
1.2 Justification of the research 
The shale gas revolution has presented the US with a unique opportunity. These 
immense, previously unattainable reserves of natural gas have already had major impacts 
on the energy and chemical industries and have helped the US reduce CO2 emissions [1-
4]. The resources of shale gas have allowed the price of natural gas to remain low in the 
US and it is projected to remain low (below $ 5.1 per million BTU through 2023 [2]). Figure 
1.1 shows the dry natural gas production over the last decade and its projections until 
2050 as forecasted by US Energy Information Administration (EIA). It is projected to grow 
significantly at a rate of 8 – 10 % every year for the next couple of years.  
Natural gas is comprised of light alkanes such as methane, ethane, propane, 
butane, isobutane as well as other gases such as CO2, He, N2. Depending on the 
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geographical location, the contents of natural gas can vary considerably. Regardless, 
methane remains the principal component with ~ 80 vol% in most cases. 
 
Figure 1.1 Dry natural gas production in the US [5] 
Methane is a greenhouse gas with 28 times more global warming potential 
compared to CO2. So venting CH4 directly to the atmosphere is also detrimental. Thus, in 
some cases, lack of appropriate technology, and difficulties involved in the capturing of 
natural gas leads to flaring instead of venting. Almost 4 % of natural gas is flared around 
the world that accounts for 140.6 billion cubic meters/year [6, 7]. Captured natural gas 
(after appropriate processing) is typically used as a heating source for electricity and 
power generation, cooking, transportation vehicles, and as a heating fuel for 
manufacturing plant. On the contrary, with the right technology, these vast sources of 
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a recent boost by the shale gas revolution forcing the prices of natural gas to remain low 
and thus, making it an attractive feedstock for the production of high value chemicals.  
Value-added chemicals from natural gas include C2+ hydrocarbons and aromatics. 
These include high-volume intermediates such as ethylene and propylene, which are 
widely used in the production of polyethylene and polypropylene. Other products include 
C4+ hydrocarbons in the gasoline range. Another class of high-value chemicals is 
aromatics, including benzene, toluene, naphthalene, and related intermediates. These 
aromatics are often used as precursors for the production of heavier aromatics. Benzene, 
however, is the most valuable product because it serves as a feedstock for valuable 
polymeric chains (styrenics, nylons, polycarbonates, phenol-formaldehyde resins, and 
polyurethanes) [8, 9]. One specific example is the conversion of benzene to 
ethylbenzene, which is then reacted to styrene.  Benzene is also used as a feedstock for 
the production of cumene, a starting point for the production of phenol and acetone. These 
two are further converted to bisphenol-A and it leads to polycarbonate and epoxy resins. 
Other uses of benzene include its use as a feedstock for the production of cyclohexane, 
a precursor for Nylon-6, and Nylon-6,6 polymers. Conventionally all these value-added 
chemicals have been produced through processing of crude oil, which has limited 
reserves around the world. However, if the feedstock for these value-added chemicals 
could be switched to natural gas, it will result in cleaner energy with a lower carbon 
footprint. This has been highlighted in a recent report by NAP (National Academic Press) 
[10], which says as a result of shale gas revolution, “the U.S. chemical industry is in the 
process of switching from naphtha, derived from crude oil, as its major feedstock to 
natural gas and natural gas liquids” and further the report identified ‘catalytic conversion 
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of natural gas to higher value chemicals’ as one of the significant challenges facing 
researchers today. 
1.3 Rationale for studying solid acids 
Solid acids have been an integral part of modern day catalysis. This class of 
materials have a range of applications and in particular, in the area of heterogeneous 
catalysis. As the demand for green and sustainable processes has been growing, solid 
acids play a more and more vital role in the development of new processes [11]. Their 
primary purpose is the replacement of corrosive liquid and gas phase acid catalysts, 
which are often difficult to separate and generate a lot of waste. 
One class of solid acids involve what is known as solid superacids. Superacids are 
materials that have very high acidity, stronger than 100% H2SO4 (Ho = -12). These 
materials have the ability to protonate even methane, which has one of the strongest C-
H bonds. These catalysts in liquid form have been demonstrated previously, as shown by 
George Olah in his Nobel Prize using FSO3H-SbF5 [12]. Recent work [13] at LSU has 
shown that a gas-phase superacid using HBr-AlBr3 is active, but neither a liquid- nor a 
gas-phase superacid is feasible in practice.  This is because the separation of the 
products from the catalyst is prohibitively complex. Having demonstrated that a gas-
phase HBr-AlBr3 superacid is active, the question is whether the same superacidity in the 
gas-phase can be demonstrated as a solid. This is not straightforward, as has been 
shown by a number of attempts to heterogenize homogeneous catalysts [14, 15]. To the 
best of our knowledge, no study has shown oligomerization of methane using solid HBr-
AlBr3 based catalysts. 
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1.4 Rationale for studying metals (Mo) supported on solid acids 
Sulfated Zirconia (SZ) is a well-known solid superacid containing both strong 
Brønsted and Lewis acid sites. SZ is known to have stronger acidity than many 
conventional zeolites such as HY, H-ZSM-5, H-MOR. Methane dehydroaromatization 
(DHA) is a widely studied reaction using Mo supported on H-ZSM-5 or H-MCM-22, 
containing both Mo sites as well as zeolitic Brønsted acid sites [16, 17]. Although widely 
studied, incremental improvements and limited success have hampered the 
commercialization of this process. In principle, Mo supported on SZ can function as a bi-
functional catalyst similar to Mo/H-ZSM-5 for the DHA reaction. This catalyst can also be 
used in acid-catalyzed reactions such as dehydrogenation, hydroconversion, or 
aromatization. Although Mo/SZ has been studied for heptane hydroconversion [18], we 
are aware of no reports of the application of similar catalyst for methane DHA. 
1.5 Outline of the dissertation 
Chapter 2 gives a review of the literature dealing with the conversion of natural gas 
into value added chemicals. Primarily, it discusses the approaches based on solid acid 
catalysts that include superacids, and a metal supported on solid acids.  
Chapter 3 is a book chapter published in Natural Gas Processing: from Midstream 
to Downstream [19]. It reviews recent progress in light alkane activation, especially in 
ethane aromatization area. 
Chapters 4 and 5 are the peer-reviewed journal articles that the author has 
published. Chapter 4 is published in ChemCatChem journal [20] and it discusses the low 
temperature direct conversion of methane using a solid superacid. Solid acid catalysts 
based on AlBr3 supported on inorganic supports are synthesized and further 
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characterized using NH3-TPD, DRIFTS, XRD, and other techniques. Finally, these 
catalysts are evaluated for CH4 oligomerization. Chapter 5 is published in Applied 
Catalysis A: General [21]. The paper is based on methane dehydroaromatization using 
Mo supported on sulfated zirconia catalyst. These catalysts were characterized using 
various techniques including Raman, DRIFTS, NH3-TPD, XANES, HRTEM, and others. 
Further, these catalysts were tested for CH4 dehydroaromatization. Effect of physical 
properties such as Mo content, temperature, and space velocity was also studied. 
Chapter 6 deals with possible future work that could be carried out as a 
continuation of this thesis.      
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Chapter 2 . Literature Review 
 
CH4 is a thermodynamically stable, non-polar molecule with one of the strongest 
C-H bonds (First C-H bond breaking strength: 434 kJ/mol) [1]. This makes it very difficult 
to activate methane often requiring strong oxidative and corrosive environments, and high 
temperatures [2]. CH4 conversion to syngas using reforming reactions and subsequent 
conversion of syngas to higher hydrocarbons, alcohols, oxygenates through Fisher-
Tropsch synthesis is a widely practiced approach. These processes often involve multiple 
steps and are very energy intensive. The first step is reforming, which accounts for 70 % 
of the cost of the overall process [3, 4]. This was one of the reasons why Shell recently 
cancelled a GTL plant in Louisiana [5]. Other approaches include OCM (Oxidative 
Coupling of Methane) [6], Reforming (Dry/Bi/Oxy/Steam) [7-10], Partial Oxidation (PO)  
[11], Halogenation [12] or even Sulfidation [2]. A summary of most of these oxidative 
routes for methane conversion could be found in Figure 2.1.  
On the other hand, a direct, non-oxidative conversion of methane would 
circumvent the costly reforming steps and would produce value added products like 
hydrocarbons directly in one step, reducing the overall cost. Both heterogeneous and 
homogeneous conversion has been reported. Heterogeneous catalysts involved the use 
of solid catalysts like zeolites (H-ZSM-5) [13], lattice confined single Fe sites embedded 
in a SiO2 matrix [14], metal sulfides [2], sulfated zirconia [15], etc. Another heterogeneous 
type was explored by Olah in 1969 using a liquid phase superacid, FSO3H-SbF5 or 
commonly known as Magic Acid [16]. One homogeneous attempt involved the use of gas 
phase superacid HBr-AlBr3 [17] that will be discussed in detail in section 2.1 Conversion 
using a gas-phase superacid below. Other attempts involve the use of microwaves [18], 
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plasma [19, 20], UV induced [21] etc. A summary of some of the direct catalytic 
conversion attempts is shown in Table 2.1.  
 
Figure 2.1 Summary of oxidative conversion routes for CH4 
 
These direct conversion attempts can primarily be divided into two types: moderate 
temperature ones, and high temperature ones. Moderate temperature conversion of 
methane involves the use of superacids in all phases: gas, liquid, and solid. These were 
used around 150-450 °C. High temperature conversion (> 500 °C) of methane involves 
dehydroaromatization, and gas phase reactions that won't occur on the catalyst surface 
[14]. 
Despite the use of higher temperatures, various oxidants, or use of superacids, 
product yield values reported have been very low and often hampered by strong coking 
at least on solid catalysts. Homogeneous superacids showed high conversion levels but 
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the product distribution was difficult to control, and the products obtained were hard to 
separate due to the homogeneous nature of the catalyst. This requires a solid catalyst. 











Fe©-SiO2 Solid 48.0 % 1370 K 1 bar [14] 
PdS/ZrO2 Solid 16.0 % 1325 K 1 bar [2] 
SO42-/ZrO2 Solid 4.6 % 673 K 1 bar [15] 
Zeolite Solid 20 % 983 K 1 bar [13] 
FSO3H-SbF5 Liquid 100 % 423 K 1.5 bar [16] 
HBr-AlBr3 Gas 99.9 % 673 K 1 bar [17] 
 
2.1 Conversion using a gas-phase superacid 
  AlBr3 is a stronger Lewis acid than AlCl3 based on Fluoride Ion Affinity [22]. Also 
when it is mixed with HBr, forms a binary L/B superacid which has been shown to be one 
of the strongest superacids in the gas phase [23]. Recently, this superacid (in the 
presence of benzene) identified the first structural determination of a well-ordered 
benzenium cation ([C6H7]+) formed by the protonation of benzene at about 0 °C [24], 
highlighting the importance of this superacid. Being such a strong superacid, it was a 
probable candidate for the study of methane oligomerization. Vasireddy et al. [17] carried 
out direct catalytic oligomerization of methane over gas phase superacid [H+ - AlBr4-]. 
This reaction was carried out in a single step and at atmospheric pressure to yield C2+ 
hydrocarbons and hydrogen. Gas-phase products up to C8 were observed whereas, 
liquid-phase products ranging from C6 to C26 were observed upon analysis of the red oil, 
an accumulation of higher hydrocarbons and superacid obtained from a number of runs.  
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This sample showed that higher hydrocarbons were produced, but could not be 
quantified. The highest level of conversion of 99.9 % was observed at 400 °C and the 
mechanism proposed was similar to the protolytic oligo-condensation as suggested by 
Olah [16].  
 Despite high levels of conversion of methane, hydrocarbon % C yields were very 
low (e.g. for gas phase C2-C8 hydrocarbons, the yields were in the range of 0.01-0.15 %). 
Additionally, a large portion of the converted carbon could not be accounted for. Liquid 
phase products in the red oil were hard to detect and quantify and also were hard to 
separate from the dissolved HBr-AlBr3 superacid. Other than that, some of the liquid 
phase C5+ hydrocarbons were partially retained in the scrubber [17]. Overall, a full system 
carbon balance was not possible because of the difficulty in separating the gas-phase 
superacid from the hydrocarbons.  
 These problems could be solved if a solid superacid with an acidic strength high 
enough to protonate methane, can be synthesized and employed that would make the 
process heterogeneous. A solid catalyst is necessary to develop a viable process for the 
conversion of methane using this type of catalysis.  
2.1.1 Solid superacids 
Solid superacids are a class of well-known materials that have been studied over 
the past 3-4 decades. One of the first definitions include solids that have acid strength 
higher than that of 100 % sulfuric acid i.e. (H0 < -11.9) [25]. One of the few solid 
superacids reported include zeolites (ZSM-5) [26], Nafion [27], SbF5 and AlCl3 supported 
on oxide supports like (SiO2 [28-30], Al2O3 [31], SiO2-Al2O3 [32], TiO2 [25, 33] , ZrO2 [34]). 
In the 1980s, Hino and Arata [35] developed another strong solid superacid namely 
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Sulfated Zirconia (SZ) that had (Ho ~ -16) as determined by the titration with Hammett 
indicators. Later on Olah and coworkers [23] classified solid superacids as zeolitic acids, 
polymeric resin sulfonic acids, enhanced acidity solids, and immobilized superacids. Out 
of these catalysts, SZ catalyst went on to become one of the most studied solid acid 
catalyst due to its high acidity, relatively high thermal stability, and ease of preparation. 
Attempts have been reported in the literature for direct conversion of methane over 
solid superacids, in particular using SZ catalysts. Rezgui et al. [36], Hua et al. [37], Martin 
and Schmal [38] observed primarily C2 hydrocarbons (mostly ethane).  Fraenkel [15] on 
the other hand observed primarily ethylene, iso-butane, and small amounts of propane. 
Hydrogen was observed indicating oligocondensation mechanism (shown in Figure 2.2 
below) similar to the one proposed by Olah for liquid superacid [16] and others did not 
observe any due to scavenging of oxygen by the dihydrogen [15] or due to incorporation 
into the carbonaceous deposits [36].  
 
Figure 2.2 Oligo-condensation mechanism for methane proposed by Olah [16] 
A summary of the performance of SZ based catalysts for methane conversion is 
presented in Table 2.2 below. Despite the advances in solid superacid research, results 
on methane oligomerization are very limited (Table 2.2), typically either due to lack of the 
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required high acid strength, or due to stringent experimental procedures, e.g., avoiding 
oxygen or humidity in the air. Regardless, there is a need for a strong solid superacid that 
has the high acid strength needed to protonate methane, CH4 to CH5+. 
Table 2.2 Summary for the direct conversion of CH4 over SZ based catalysts 
Catalyst Temperature % conversion Notes Reference 
SZa 400°C 4.6% 
Flow reactor, 
activated with H2O 
[15] 
SZ/Fe/Mn 350-450°C < 0.15% Flow reactor [36] 
SZ/Fe/Mnb 450°C not reported Pulsed and flow exp. [38] 
SZ/Co/Mnb 450°C not reported Pulsed and flow exp. [38] 
SZ/Cub 450°C not reported Pulsed and flow exp. [38] 
SZ/Nib 450°C not reported Pulsed and flow exp. [38] 
SZ/Al2O3b 450°C not reported Pulsed and flow exp. [38] 
SZc 400°C 
0.35% after 5 
h 
recirculating reactor [37] 
SZ/Al2O3c 400°C 1.9% after 5 h recirculating reactor [37] 
aSZ; sulfated zirconia, C2-C6 hydrocarbons detected, bsulfated zirconia promoted with 
metal ions, all showed a small amount of activity, all showed 100% selectivity to ethane, 
c sulfated zirconia and sulfated zirconia promoted with alumina, main product was 
ethane with traces of ethylene.  
 
2.1.2 AlX3 based catalysts (X – halide) 
Aluminum halides are typically in dimer form in the solid phase, e.g., Al2Cl6 or 
Al2Br6. Substantial monomer concentrations are present only at temperatures at or above 
300-400 °C [39]. These halides are strong solid Lewis acids and are known to catalyze 
various types of reactions like Friedel Crafts alkylation, acylation [40-42], alkane 
isomerization and cracking [42-44], and polymerization [42]. These catalysts can also 
catalyze both the decomposition and the oligomerization of alkyl bromides at elevated 
temperatures [40, 45-48].  
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Aluminum chloride, Al2Cl6 is a widely used acid catalyst in industry. However, the 
generation of inorganic and acidic waste through leaching remains a problem, making 
separation of products difficult. This has led several researchers to investigate the 
possibility of supporting Al2Cl6 on various types of solid supports like SiO2 [30, 49-57], 
Al2O3 [58], mesoporous silica like MCM-41 [59, 60], or polystyrene [61-63]. These 
supported aluminum chloride catalysts showed high activity in various acid-catalyzed 
processes including alkylation [64], polymerization [55, 58], isomerization [50], and 
Mannich synthesis [54].  
These supported Al2Cl6 catalysts were characterized by using various techniques 
by various groups. It included a range of different analytical techniques like Fourier 
Transform Infra-Red (FTIR) spectroscopy with pyridine as a probe molecule [28, 50, 54, 
55, 60], NH3-Temperature Programmed Desorption (TPD) [60], solid-state Magic Angle 
Spinning Nuclear Magnetic Resonance (MAS NMR) spectroscopy (27Al [28, 55, 65], 1H 
[54], 29Si [65]), titration with various Hammett indicators (m-nitrotoluene, p-nitrotoluene 
etc.) [57], isomerization of n-butane to isobutane as a test reaction [29]. Based on these 
results silica supported Al2Cl6 was claimed to be a superacid by Drago et al. [28]. 
However, these catalysts have not been investigated for methane oligomerization, 
despite that they are clear candidates for methane oligomerization. Both AlCl3 and AlBr3 
can catalyze the decomposition and oligomerization of the alkyl bromides at elevated 
temperatures [40, 45-47] and form superelectrophiles in the presence of 
polyhalomethanes [66, 67].  
In summary, AlCl3 or AlBr3 can be supported onto solid supports to create solid 
acid catalysts.  These acid catalysts can further be treated with HBr to create an analogue 
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of the gas phase superacid [H+/AlBr4-].  This catalyst can then be tested for converting 
methane into higher hydrocarbons and possibly H2. To the best of our knowledge, there 
is no study focusing on the development of HBr treated supported AlBr3 catalysts to create 
solid acid catalysts for the oligomerization of methane. 
2.2 Methane dehydroaromatization 
 Dehydroaromatization (DHA) of methane is also currently one of the most widely 
researched routes. This direct (non-oxidative) route converts methane into benzene and 
hydrogen at relatively high temperatures (~ 600-700 °C). 
6 CH4  C6H6 + 9 H2 (ΔG298 K = +433 kJ/mol of Benzene,  
ΔH298K = +530 kJ/mol of Benzene)                 (2.1) 
Aromatization of methane was first reported over silica catalyst in 1966 in a 
Science paper [68]. However, it was not until the early ‘90s when this research picked up 
pace after the first report of aromatization of methane over metal supported on zeolite 
catalysts by Wang et al. in 1993 [69]. After this, a series of literature ranging from different 
metals to zeolites, with different promoters got published. In addition, an emphasis was 
given on the pretreatment and the reaction conditions that have been well studied. This 
research received recent impetus from the shale gas revolution that made immense 
resources of natural gas accessible. Till date, a vast amount of literature has been 
presented and it has been well summarized in recent reviews [70-73].  
It is generally accepted that this reaction requires a bifunctional catalyst [70-73] 
although, there is one recent report [74] that has opened a new debate of monofunctional 
vs. bifunctional mechanism. In the typical bifunctional mechanism, the activation of 
methane occurs on a metal site and it undergoes dimerization into C2 species. These C2 
species subsequently undergo cyclization and aromatization over Brønsted acid sites 
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(BAS) provided by the support. Thus the metal site and an acid site create a bifunctionality 
and this mechanism can be shown as below in equation 2.2: 
CH4
Mo site
→    C2Hy
BAS
→  C6H6 + Other Aromatics + H2 ↑                          (2.2) 
It is believed that there exists an analogy between methane aromatization (DHA) 
and methanol to hydrocarbons (MTH) reaction over the same H-ZSM-5 zeolite. MTH 
reaction is thought to proceed through hydrocarbon pool mechanism [75] in which, 
carbonaceous deposits inside the zeolite channels act as an active site over which the 
methanol is converted to ethylene [71]. Because of the nature of this type of reaction, 
various parameters that can be physical and/or chemical are of high importance. Physical 
parameters can include temperature, pressure, space velocity, pore size, and pore 
structure of the support. Chemical parameters can include metal content, acidity of the 
support, and nature of the active site (that is often debated). There are several other 
smaller factors that can also play a key role. For example, the proximity between the 
metal site and the acid site as has been highlighted by many researchers [73, 74, 76]. 
Apart from these two functionalities, another aspect that is of utmost importance is the 
shape selectivity of the support [74]. 
Mo has been found to be the most active out of the various metals studied for this 
reaction that includes Mo [69-71, 77-80], Re [81, 82], Zn [83-88], Ag [89, 90], In [91] etc. 
Among various studied supports, H-ZSM-5 and H-MCM-22 have been the most active, 
and shape selective catalysts [70, 71].  
2.2.1 Metal site 
The active metal site is generated in-situ or sometimes can be generated ex-situ 
and then the reaction is carried out on these catalysts. Various spectroscopic techniques 
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have been used to investigate this that include XAS [92-94], FTIR [77, 95, 96], XPS [78, 
79, 97, 98], Raman [99-101], XRD [80], etc. Because of the complex transformations for 
the active metal, in-situ characterizations and spectroscopic investigations carry great 
importance. Although, relatively severe reaction conditions (high temperatures and 
reducing environments) present significant challenges. Some of these challenges have 
been well documented in a recent review [73]. 
There are various hypotheses about the exact nature of the metal site which, 
haven’t been investigated much for metals other than Mo [73]. The consensus suggests 
Mo to be in the oxidized form (MoO3) for fresh calcined catalyst [77, 102, 103]. This oxide 
needs to be reduced to a lower oxidation state (between +6 and +4) in order to activate 
C-H bond [73, 79, 93] mostly in the carbidic form. Further, it has been found that the 
carbidic form of Mo behaves similarly to the noble metals [104-107] that is due to the 
changes in the electronic properties of Mo due to C [73]. When this fresh oxide catalyst 
is kept under reducing conditions such as CH4, or CH4 + H2, it undergoes reduction and 
simultaneous carburization which is said to proceed through following reactions [108]: 
4 MoO3 + CH4 = 4 MoO2 + CO2 + 2 H2O                               (2.3) 
4 MoO2 + 4 CH4 = 2 Mo2C + CO2 + 5 H2O + CO + 3 H2                 (2.4) 
Many recent reports [76, 94] suggest this transformation might occur through some 
intermediate steps such as MoO3  MoOxCy  Mo2C. In this system, either of Mo 
phases: MoOxCy (oxy-carbidic) [109] or Mo2C (carbidic) [110] are said to be active. 
Although, a very recent study observed only fully carbided species (Mo1.6C3) to be active 
as compared to MoOxCy based on operando EXAFS [94]. Among molybdenum carbides, 
four different phases have been reported in the literature [107]: α, β, η, and γ. For DHA 
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reaction, only α-MoCx-1 [111], and β-Mo2C [80, 110, 112] have been found to be active 
and are the only ones reported.  
It also has been observed in the literature that the amount of metal decides the 
location (outside/inside pore) and the state of the metal (oxidic/carbidic). Some reports 
have reported with the use of XRD [113], HRTEM [80], XAS [77], FTIR [114] that below 
5-6 wt% Mo content, Mo is in a finely dispersed state. These studies further showed that 
these lower Mo concentrations showed the highest activity per metal atom. If the metal 
content goes above 5-6 wt%, it forms aggregates of metal oxides. Larger the clump, 
higher is the reduction temperature required for reducing MoO3 [70]. This formation of 
aggregate metal oxides has been attributed to metal/Al ratio, which for higher metal 
content is > 1. This leads to insufficient sites for anchoring metal as Al is believed to be 
the anchoring site apart from providing acidity to the zeolite. In this, metal is linked to the 
framework Al through oxygen while replacing proton of the BAS [73].  
Ismagilov et al. [70] summarized some of the factors that affect the location of 
molybdenum. These were: concentration [102, 114], temperature [78, 114], calcination 
time as well as composition of gas phase during calcination [78, 115]. These studies have 
indicated that higher Mo concentrations lead to Mo oxides on the external zeolite surface.  
2.2.2 Acid site 
Brønsted acid sites (BAS) from the support carry out the cyclization and 
oligomerization of olefinic intermediates such as ethylene into benzene, and other higher 
aromatic compounds. For the most widely studied Mo/H-ZSM-5 catalyst, base zeolite 
provides BAS originating through charge compensation due to Al substitution. These sites 
can also act as anchors for supporting Mo [70, 73]. Vollmer et al. [73] have summarized 
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the functions of BAS that include: dispersion of metal in the pores of the support, and the 
Brønsted acidity of the support. A recent study [74] also suggested that BAS in H-ZSM-5 
can dictate the distribution of the Mo oxide phase between the external zeolite surface 
and the micropores in the zeolite.  
The concentration of acid sites and the distribution and location of those sites in 
the zeolite framework are crucial to determine the final performance of the catalyst. For 
ex. if the acid sites are on the external surface of the zeolite, they contribute significantly 
to the coking and the type of coke that forms is often characterized as refractory [116, 
117]. On the other hand, acid sites inside the zeolite channels mainly contribute to the 
formation of benzene and other aromatics and also to the stabilization of Mo oxide species 
[74]. 
2.2.3 Other supports 
Martinez et al. [118] studied Mo supported on ITQ-2 material. This material is 
derived from MCM-22. It possesses 12 MR (membered ring) supercages and 10 MR 
sinusoidal channel system of 0.40 nm X 0.59 nm both similar to MCM-22. Additionally, it 
consists of thin sheets of 2.5 nm in height presenting a hexagonal array of 0.7 nm X 0.7 
nm ‘cups’. This material presents a higher surface area than MCM-22 [119]. This material 
when treated with acid, showed higher benzene selectivity as compared with MCM-22. 
Structure of MCM-22 could be represented as shown in Figure 2.3 and structure of ITQ-




Figure 2.3 Structure of MCM-22 [120] 
 
 





Xu et al. [121] studied DHA over Mo supported on ITQ-13 zeolite having high silica 
content. This catalyst showed better selectivity towards benzene as compared to H-ZSM-
5 supported catalyst, but lower activity and stability as compared to H-ZSM-5 supported 
catalyst. ITQ-13 structure consists 9 MR with 0.4 nm X 0.49 nm, straight 10 MR with 0.47 
nm X 0.51 nm, and sinusoidal 10 MR with 0.48 nm X 0.57 nm dimensions. Structure of 
ITQ-13 could be as shown in Figure 2.5. 10 MR could be seen when viewed along [010] 
plane and 9 MR could be seen when viewed along [100]. 
 
Figure 2.5 Structure of ITQ-13 zeolite viewed along two different planes [120] 
 
Liu and coworkers [122, 123] synthesized and studied Mo supported on IM-5 
catalysts for DHA. These catalysts achieved better benzene yields and better stability 
than that of Mo/H-ZSM-5 at same reaction conditions. Performance of these catalytic 
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materials (Mo/IM-5) was recently improved further in terms of benzene yields and stability 
by Liu and Kan [124] using mesoporous SBA-15, and MCM-48 as the silica sources. This 
improvement was attributed to the generation of mesoporous systems within the zeolite 
crystals. It was further speculated that this led to easier access to the active sites and 
favored diffusion of products. 
In another approach, Heng and Kan along with co-workers reported TNU-9 as 
support for Mo in DHA [125]. This catalyst also showed improved benzene yields and 
stability as compared to Mo/H-ZSM-5. Secondary type of mesoporosity was speculated 
to be the reason for this performance.  
Kan et al. [126] also studied MCM-49, which is a three dimensional analogue of 
MCM-22. This catalyst also showed high benzene yield and longer catalyst life. 
Performance of these materials was attributed to the enhanced diffusion of aromatic 
products as an outcome of the shorter nano-sized channels of MCM-41. 
Other supports that have been studied most commonly include acidic supports 
such as zeolites H-ZSM-8 [127], H-ZSM-11 [127], H-SSZ-13 [74], H-Mordenite [74] or 
some inorganic ones like SiO2 [74], Al2O3 [74]. Zhang et al. [127] did a comprehensive 
study on a variety of supports to support Mo for methane DHA reaction. The study 
included H-ZSM-8, H-ZSM-11, H-SAPO-5, H-SAPO-11, H-SAPO-34, H-X, H-Y, H-MOR, 
H-Beta, H-MCM-41. Activities of these catalysts was found to be in the following 
decreasing order: Mo/H-ZSM-11 > Mo/H-ZSM-5 > Mo/H-ZSM-8 > Mo/H-Beta > Mo/H-
MCM-41 > Mo/H-SAPO-34 > Mo/H-MOR ≈ Mo/H-X ≈ Mo/H-Y > Mo/H-SAPO-5 ≈ Mo/H-
SAPO-11. This difference was primarily ascribed to the difference in the pore structure of 
the various zeolites. Overall, zeolites with two-dimensional pore structure and with pore 
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diameters closer to that of benzene showed high activity in the aromatization reaction. 
Although, authors [127] did point out that the difference could not exclusively be attributed 
to the shape or pore structure and they further speculated acidity to be also a key factor. 
2.2.4 Sulfated zirconia 
 Sulfated zirconia (SZ) as discussed previously in section 2.1.1 Solid superacids, is 
a well-known and widely studied solid superacid. A large amount of literature is present 
on these materials ever since it was first discovered in the 80s. This literature has been 
well summarized in some books [128], and review articles [129-131]. Sulfated zirconia 
has been tested in a variety of reactions involving butane isomerization, reduction of NO 
with methane [132, 133], Friedel crafts alkylation/acylation, fuel cell electrodes [134-138], 
etc. A more comprehensive summary of the type of reactions catalyzed by sulfated 
zirconia could be obtained in the books and review articles aforementioned. 
 Different types of SZ have been reported depending on the final application such 
as mesoporous/nano-sized. The preparation of SZ can occur through a variety of 
procedures such as single step/two step, sol-gel route, co-precipitation route, or using 
various precursors: ZrCl4/ZrOCl2/ZrO(NO3)2 etc. Properties of the end product (SZ) are 
significantly influenced by various synthesis parameters that can be both physical as well 
as chemical. Physical parameters involve drying temperatures, calcination temperatures. 
Chemical parameters, on the other hand, involve type of precursor, precipitating agent, 
pH, sulfating agent. All these parameters contribute to the final phase of the material 
which can be amorphous, tetragonal, or monoclinic. Effects of these individual 




 Acidity in SZ originates from sulfate anions, which when modifies zirconium oxide 
forms strong acid sites. There have been many theories in the literature that discuss these 
effects and thus, many structures have been proposed for sulfated zirconia. Some of them 
can be summarized as shown in Figure 2.6 below. 
 
Figure 2.6 Different structures of sulfated zirconia as proposed by (a) Hino and Arata 
[35, 139], (b) Ward and Ko [140], (c) Bolis et al. [141] 
 
SZ is known to have stronger acidity as compared to some of the other zeolites 
such as H-ZSM-5, H-Mordenite etc. This has been proved in the recent literature using 
isobutane conversion reaction [142]. Additionally, the same authors calculated acidity to 
be higher and stronger for SZ on the Hammett scale. The values are tabulated in Table 
2.3: 
Table 2.3 Comparison of acidity of SZ with other solid acids based on two references 
Solid Acid Ho value [128]  Ho value [142] 
SZ -16.1 -18.0 
H-ZSM-5 -13.2 -10.0 
H-Mordenite -14.5 -14.0 
 
Considering the bifunctional mechanism of DHA, a catalyst similar to Mo/H-ZSM-
5 can be created using Mo supported on SZ. Preparation of Mo-SZ has been studied 
before albeit for a different reaction. This system has been studied for n-heptane 
hydroconversion by Oloye et al. [143] In this work, authors used extensive 
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characterization techniques such as XRD, TGA, FTIR, Raman, TPR, SEM-EDX, CO 
chemisorption, and N2 physisorption. Using this system, the same authors could obtain 
Mo2C particles finely dispersed over tetragonal sulfated zirconia. Further, it was observed 
that with the help of this catalyst RON (Research octane number) could be increased from 
0 to 50. Based on this work from Oloye et al. [143] it could be seen that a stable Mo2C 
supported on SZ system could be obtained.  
To the best of our knowledge, this strong acidity in SZ has not been tested for 
methane DHA. SZ being a strong solid superacid and with apparently higher acid strength 
than conventional zeolites like H-ZSM-5 or H-Mordenite, it can catalyze the oligomeric 
species in the bifunctional mechanism faster. So, it might be worth investigating Mo 
supported on SZ (Mo/SZ) system for DHA. Thus, it is proposed to investigate a 
bifunctional catalyst Mo/SZ for the first time for DHA of methane. 
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Chapter 3 . Light Alkane Aromatization: Efficient Use of Natural Gas1 
 
3.1 Introduction 
Energy and environment have been two major focuses of research in the twenty‐
first century that are closely related. As the population grows and cities expand, the 
demand for energy inevitably increases, as does the incentive for clean energy. Despite 
significant research efforts for biofuel development, and for alternative energy sources 
(wind, solar, hydrothermal, etc.), fossil fuels still dominate world energy demands. Coal 
and oil are widely used, but natural gas is generally considered to be cleaner and more 
efficient in many applications. The shale gas revolution has presented a unique 
opportunity to address these challenges by expanding the use of natural gas. The 
immense, previously unattainable, reserves of natural gas have already had major 
impacts on the energy and chemical industries and have helped countries like the United 
States, reduce CO2 emissions [1-4]. 
3.1.1 Shale gas revolution 
Advances in horizontal drilling and hydrofracking have led to an increase in shale 
gas production. In the United States alone, it rose from 1% to 20% from 2000 to 2010 
causing a decrease in the prices of natural gas. It is this dramatic effect that is often 
termed the “Shale gas revolution” [4]. 
This has significantly lowered natural gas prices, and projections show that they 
will stay at current low levels through 2023 [3]. Recently, a 5% drop in prices of natural 
                                            
1 Reprinted from Kanitkar, S., & Spivey, J. J. (2019). “Light Alkane Aromatization: Efficient Use of 
Natural Gas”. In N. Elbashir, M. M. El-Halwagi, K. Hall, I. Economou (Eds.) Natural Gas 
Processing from Midstream to Downstream (pp. 379-402). Hoboken, NJ: John Wiley & Sons. With 
permission from John Wiley and Sons. 
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gas was reported just for the change from 2015 to 2016, whereas European and Asian 
markets saw a 20-25% drop in natural gas prices to compensate for the supply of natural 
gas [5]. The shale gas revolution has also provided an alternative to coal‐fired power 
plants, thereby helping reduce CO2 emissions [6]. This makes natural gas an economic 
alternative feedstock over conventional fuels. This has resulted in providing a significant 
incentive for new research in the area of natural gas conversion: in particular, methane 
and light alkanes. 
3.1.2 Composition of natural gas 
Natural gas composition can vary significantly based on the location of the reserve 
and also depending on whether it is associated or non‐associated with oil. In either case, 
primary components of natural gas include C1, C2, C3, CO2, N2, H2S, and trace levels of 
higher hydrocarbons. Table 3.1 shows the composition of natural gas from some of the 
fields around the world. Regardless of the variety in composition of various wells, CH4 
remains the principal component, ∼49-84%. 
Table 3.1 Composition of natural gas from various wells around the world [7] 
Composition 












N2 2 2 0 1 2 
CO2 2 4 3 1 6 
C1 49 60 79 81 84 
C2 13 10 10 9 4 
C3 19 3 4 4 2 
C4+ 15 6 3 3 1 
H2S 0 15 1 0 1 
 
Methane conversion to higher-value products is one of the grand challenges for 
the scientific community working in the area of catalysis and electrocatalysis. Despite the 
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strong impetus, and as indicated by recent reviews [8-11], direct non-oxidative conversion 
of methane is yet to be widely commercialized.  
Secondary important components of natural gas are ethane and propane that 
typically constitute 2-5 % (combined) of natural gas. Although in some wells, up to 8-10 
% of ethane along with 1-3 % propane could also be seen. N-butane on the other hand, 
could be observed around ~ 0.1 % of natural gas in composition. These light alkanes are 
relatively easier to activate than methane and are principal feedstocks for the production 
of olefins and plastics, through dehydrogenation or oxidative coupling processes. Ethane 
is the principal feedstock for the production of ethylene (C2=), which is subsequently 
converted to a variety of valuable chemicals such as polyethylene, ethylene oxide, 
ethylene dichloride etc. The production of ethylene from ethane is carried out via steam 
cracking and is a well-established process.  
Production of ethane has increased significantly over the past few years as a result 
of the shale gas revolution. This has caused costs of ethane to drop to a low level, and 
this downward trend in price is expected to continue over the next few years (Figure 3.1). 
This makes ethane an attractive feedstock for aromatization into benzene, toluene, and 
higher‐value hydrocarbons, along with pure H2. Therefore, the chemical industry 
recognizes that an economically desirable goal will be to replace naphtha with light 
alkanes as feedstock, which would also reduce the environmental footprint of aromatics 
synthesis. 
The aromatization of methane is one key potential process of interest to the 
chemical industry: 
6 CH4 → C6H6 + 9H2, ∆𝐺298 𝐾 = +102.4 
𝑘𝑐𝑎𝑙
𝑚𝑜𝑙⁄ , ∆𝐻298 𝐾 = +116.3
𝑘𝑐𝑎𝑙
𝑚𝑜𝑙⁄       (3.1) 
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Current research has demonstrated only net yields of 5-10% of benzene, and rapid 
deactivation of coke has limited commercialization of aromatization [8-11]. Hydrogen is a 
valuable byproduct of the aromatization process, and the appeal of a reaction that 
produces both benzene and hydrogen suggests that industrial laboratories are developing 
a viable process.  
 
Figure 3.1 Ethane production and prices over the last few years [12] 
 
In addition to aromatization of methane, aromatization of light alkanes is a potential 
process. In general, acid catalysts have been effective in the aromatization of light 
alkanes, in particular the pentasil types: ZSM-5 etc. Various types of catalysts based on 
bi-functionality in which metals like Mo, Ga, Pt, Re, Zn were doped on the ZSM-5 are 
studied. Despite being widely investigated, ethane aromatization is not yet 
commercialized due to poor catalyst stability, high temperature requirements, and coking 
issues with the catalysts. Although several reviews [13-16] exist on light alkane 






























































here reviews recent progress in the area of acid catalyzed light alkane aromatization (in 
particular, ethane). This chapter focuses on the effect of acidity, pore structure, and metal 
functions on the aromatization of ethane to aromatics.  
3.2 Aromatization of light alkanes 
3.2.1 Thermodynamics and short history 
Alkanes are a class of hydrocarbons having only sigma bonds. Although singly 
bonded, these are more difficult to activate than the stronger double bonded olefins, thus 
requiring more severe conditions, e.g., high temperatures. Alkanes with a high number of 
carbon atoms are easier to activate than their lower counterparts[17] because C-C bond 
is weaker than C-H bond and a surrounding carbon influences the C-H bond dissociation 
energy. Thus, the more the number of ‘C’ atoms in an alkane, the easier it is to break the 
C-H bond. Often, this breaking of the first C-H bond is the activation step for alkane 
activation. This exemplifies the reactivity for the first 4 alkanes (light alkanes): 
CH4 < C2H6 < C3H8 < C4H10 
This is clearly reflected by the thermodynamics. Figure 3.2 shows aspects of 
thermodynamics for light alkane conversion into aromatics. For simplicity, reactions and 
products shown in eq. 3.2) were considered for the calculations: 
Alkane (C1 − C4) → Benzene, Toluene, Ethylbenzene, Xylene (BTEX) + H2 ↑          (3.2) 
As seen from Figure 3.2, the reactivities for all the four basic alkanes differ quite 
considerably. Appreciable levels of conversion (20–30%) could thermodynamically be 
possible only at ∼700 °C (for methane), ∼550 °C (for ethane), ∼450 °C (for propane), and 
∼250 °C (for n‐butane). Because high activation temperatures are required for methane 
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and ethane, efforts are focused on aromatization of C3 and C4, as will be discussed in 
section 3.2.2 Existing technologies. 
21C2H6 → 2C6H6 + 2C7H8 + 2C8H10 + 39H2                              (3.3) 
∆G298 K =  + 336.6 
kcal




Figure 3.2 Thermodynamics for light alkane aromatization (Plotted using HSC 
Chemistry 8) 
 
For the reaction depicted in equation 3.3, a plot of ΔG vs. temperature is shown in 
Figure 3.3. High levels of conversion for the forward reaction are possible for ΔG ≤ 0 after 
which reaction becomes spontaneous. By observing Figure 3.3, for ethane aromatization 
from equation 3.3, this is spontaneous only at temperatures ≥ 700 °C. 
One way to overcome thermodynamic limitations is to add oxidant along with 
ethane on the catalyst. This reduces the energy barrier, making it relatively easier to 































an additional reactant changes the reaction pathway considerably and dehydrogenation 
reactions (oxidative dehydrogenation) might be favored over aromatization reactions [18]. 
 
Figure 3.3 Gibbs free energy plot for ethane aromatization (plotted using HSC 
Chemistry 8) 
 
Aromatization of olefins was first reported around 1946 by Russian workers [14]  
and it was not until the 1970s when aromatization of light alkanes (C3-C5) was first 
reported by Csicsery [17, 19-22]. He described aromatization on Pt/Al2O3 and transition 
metal oxides (MoO3, Cr2O3, V2O5, WO3, MnO) doped on Al2O3 at around 550-600 °C. 
Primary products observed were xylenes and toluene but the product distribution was 
found to be influenced by the strength of the acid sites over the catalyst. Coking was 
evident and the rate of coke formation was influenced by temperature, residence time, 




























additives to the alumina compared to Pt due to high stability during regeneration cycles, 
high rate of coking prevented further application of this chemistry.  
First successful aromatization of < C3 paraffin (ethane) was done by Bragin et al. 
[29] over Pt/Al2O3 in a pulse reactor around 1974. After this, a number of papers have 
emerged (Table 3.2). It provides a qualitative analysis of the work done by various groups 
and on various catalysts. Data recorded was obtained from aromatization reactions at 
different space velocities so the quantitative comparison is not direct. 













500 14.0 41.5 Inui et al. [23] 
Ga-pentasil 600 46.0 65.0 
Minachev et al. 
[15] 
H-ZSM-5 600 2.0 - Ono et al. [15] 
Zn-ZSM-5 600 52.0 31.0 Ono et al. [15] 
Zn-Pd-
ZSM5 
600 48.4 28.9 Ono et al. [15] 
Re/HZSM5 550 32.0 65.0 Krogh et al. [24] 
Ga/HZSM5 600 29.0 17.0 Lapidus et al. [25] 
Pt-
Ga/HZSM5 
600 48.0 30.0 Lapidus et al. [26] 
Zn-ZSM-5 650 55.3 27.9 
Vosmerikova et al. 
[27] 
Mo-ZSM-5 650 92.8 30.7 Wong et al. [28] 
 
Bifunctional catalysts have gained attention in which, the noble metal activates 
alkane and converts it to olefins, which is then converted into aromatics over the Brønsted 
acid sites from the support. Activity is due to factors that involve both physical parameters 
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(temperature, pressure, space velocity, or even the pretreatment conditions etc.) and 
chemical parameters (type and amount of metal exchanged, type of support, 
concentration of acid sites, Si/Al ratio). Some of the key chemical parameters will be 
discussed here. 
3.2.2 Existing technologies 
Aromatization processes began to appear in commercial practice around the 
1970s after the discovery of ZSM-5 zeolite. This zeolite found widespread applications 
ranging from FCC additive for propylene production to octane number improvement [30].  
Many notable aromatization processes were developed, including those of M-2 forming 
developed by Mobil, Aroforming by IFP and Salutec, Z-forming by Mitsubishi and 
Chiyoda, Alpha forming by Toyo and Sanyo, Cyclar process by BP-UOP, GTA technology 
by Sinopec Luoyang. Most of them have similar feedstocks (light naphthas, lower olefins, 
LPGs, or light alkanes), similar aromatic yields albeit with different unit operations or 
reactor setups. Catalysts used are primarily ZSM-5 or modified ZSM-5.  
Mobil developed M-2 forming process in 1986 that involved aromatization of olefins 
as well as C5, C6 alkanes over a HZSM5 catalyst [31]. However, the feedstock can be as 
different as LPG or light olefinic cuts, or paraffinic or unsaturated gasolines [32]. One 
limitation with the M-2 process is that the side reaction of dehydrogenation shifts the 
equilibrium giving less aromatics and less hydrogen yield making it less economical [33]. 
Aroforming process that was similar to Cyclar, was developed around the 1980s 
as a joint venture between France’s IFP and Salutec from Australia. Similar to M-2 
forming, the feedstock for this process also involved LPGs and light naphthas that were 
converted into BTX and hydrogen [32]. This process uses a shape selective zeolite 
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catalyst doped with a metal oxide but has a product distribution similar to that of Cyclar 
Process [34].  
Mitsubishi and Chiyoda had developed ‘Z forming’ process around 1983 that 
converted light naphtha or LPG into aromatic hydrocarbons over an acidity adjusted 
catalyst. The process was used by Nippon Oil till 2008 but was abandoned due to low 
yield. This process is based on a bifunctional catalyst consisting of a metal (most likely 
zinc) modified zeolite (ZSM-5) base material. The reforming reactors are of an adiabatic, 
fixed-bed type. Operating conditions are 500-600 °C at < 100 psia. BTX yields of up to 
55-58 wt% are observed [35]. 
Chevron Phillips’ Aromax process that converts light naphtha into aromatic 
hydrocarbons was developed around the 1980s. First commercial demonstration of the 
Aromax technology was in 1992 which afterward continued. Feedstock for this process 
primarily consists of C6-C8 hydrocarbons with high selectivity to benzene, toluene, and 
hydrogen. The process also involves a highly efficient sulfur control system to eliminate 
catalyst poisoning. Currently, four plants around the world (US, Spain, Japan, and Saudi 
Arabia) make use of this technology [36]. Process flow diagram for the Aromax process 
could be depicted in Figure 3.4. 
Sinopec Luoyang’s GTA technology makes use of Olefinic C4 streams to convert 
into aromatics at around 500 °C over a bifunctional metal modified ZSM5 catalyst. This 
process adopts a fixed-bed reaction-regeneration system and it is feasible with short 
flows. This process is highly selective to aromatics (55-60 wt%) yield and it does not 




Figure 3.4 Chevron Philips' Aromax Technology Process [36] 
 
 
BP-UOP’s successful ‘CYCLAR’ process that involves aromatization of propane 
and butanes, was first demonstrated at BP’s refinery at Grange-Mouth, UK in 1991. This 
commercial set up with a capacity of 1000 barrels per day was active for almost 8 years. 
A second commercial unit was set up in the Middle East around 1999 with a capacity of 
45,000 barrels per day and was in operation as of 2013 [37]. Cyclar process has aromatic 
(BTX) yields of around 58 – 60 % on a metal doped (mostly Ga) H-ZSM5 catalyst that is 
easily coked and requires continuous regeneration.  This regeneration is carried out using 
UOP’s trademarked CCR (continuous catalyst regeneration) technology. Schematic for a 
typical CYCLAR process unit is shown in Figure 3.5. 
3.2.3 Role of metals (Mo, Pt, Ga, Re, Zn) 
It is well understood that the MFI zeolite by itself is not active for the aromatization 




Figure 3.5 Schematic for CYCLAR process [37] 
 
framework.  These metal dopants lead to distinct changes in the properties of the undoped 
zeolite and often forms a bifunctional catalyst. It is commonly believed that ethane is first 
activated on the metal species and is then dehydrogenated into ethylene. This ethylene 
forms olefinic intermediates and undergoes various oligomerization reactions, and 
cyclization reactions take place on the Brønsted acid site from the zeolite itself. 
Bifunctional mechanism could be depicted as shown in Figure 3.6. 
Since the first step of ethane activation is crucial, it often determines the rate of 
formation of olefinic species and subsequently the rate of aromatization. Thus, it becomes 
important that the metal is well dispersed in the zeolite structure [38, 39]. Different metals 
have different activation energies for activation of ethane and introduction of these metal 
ions in the zeolite structure changes the concentration of both types of acid sites: Lewis 
and Brønsted. Various noble and base metals have been tested so far including Cr, Fe, 
Mn, Pd, Pt, Re, Ru, W, Zn, Mo, Ga etc. However, the most active and very widely studied 




Figure 3.6 Bifunctional mechanism over metal doped HZSM5 catalysts 
 
One relatively new metal dopant is Re. It has also been seen that when a small 
metal dopant (as a promoter) is added to an already metal doped zeolite, it can enhance 
the activity that bifunctional catalyst. Some examples include the addition of Pt into 
Ga/ZSM-5 [26, 40, 41], the addition of W into Mo/ZSM-5 [28] etc. 
3.2.3.1 Mo/ZSM-5 
Molybdenum is an active metal dopant for the dehydroaromatization of light 
alkanes. Most noticeable activity for Mo based zeolite catalyst has been in the methane 
dehydroaromatization at around 700-800 °C [42, 43]. It is hypothesized that methane gets 
activated into CHx that subsequently forms a dimer on the Mo2C species and the 
dimerized form is oligomerized,  then cyclized on the Brønsted acid sites of the zeolite[8]. 
H-ZSM-5 and H-MCM-22 have been the two prominent zeolitic/molecular sieve supports 
for incorporating Mo, demonstrating high activity in the aromatization of methane/ethane. 
Molybdenum can typically be doped on the zeolite using incipient wetness 
impregnation (IWI), often with the ammonium salt of Mo [43-45]. Other procedures 
involved could be solid state ion exchange [46, 47] that involves the physical mixing of 
MoO3 and Zeolite and heating the mixture. However, for aromatization reactions, at least 
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on methane, IWI prepared Mo catalyst showed greater selectivity to aromatics than the 
ion exchanged catalysts [47]. The low selectivity of ion exchanged catalysts was 
attributed to the formation of large MoOx clusters that were unable to diffuse/migrate 
inside the ZSM5 pores. 
In terms of ethane or propane aromatization on Mo based catalysts, there have 
been few reports. Wong et al. [28] studied Mo/HZSM5 and W/HZSM5 for ethane 
aromatization that showed very high levels of ethane conversion (93 %) and (25 %) 
respectively. However, selectivity for aromatics differed significantly with Mo doped 
catalyst, which favored cracking to CH4 more than aromatization. This was attributed to 
the strong activity of Mo in both the dehydrogenation reaction (first step in ethane 
activation) and strong activity in the reaction between H2 from first step combining with 
ethane to get cracked into methane. A sequence of reactions [28] could be depicted as 
shown in eqns. 3.4 and 3.5. 
𝐶2𝐻6 → 𝐶2𝐻4 + 𝐻2                                                     (3.4) 
𝐻2 + 𝐶2𝐻6 → 2 𝐶𝐻4                                                    (3.5) 
 
Samanta et al. [40] reported reduction in a number of strong Brønsted acid sites 
when Mo was doped into H-ZSM-5 despite the increase in the overall acidity that most 
likely occurs due to the exchange of zeolitic proton with the metal itself. However, 
generated extra acidity was attributed to the MoO3 Lewis acid sites. Around 40 % 
conversion of ethane with 35 % selectivity to aromatics was reported at 650 °C over these 
catalysts. Compared to Ga or GaPt doped catalysts, Mo doped catalysts had lower 
activity. Mo doped catalysts favored ethylene more than Ga or GaPt doped catalysts. This 
likely would have been due to the generation of extra Lewis acidity that would have 
favored dehydrogenation over aromatization. Since dehydrogenation is thought to be the 
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initial activation step, reduction in strong Brønsted acid sites would have caused less 
aromatization of the olefinic species generated from the dehydrogenation. 
3.2.3.2 Pt/ZSM-5 
Platinum can be incorporated onto the ZSM5 support typically by IWI of H2PtCl6 
(chloroplatinic acid) salt[40] or by ion exchange [48] of NH4-ZSM5 using ammonium salts 
of Pt like Pt(NH3)4Cl2. Another method that could be used for depositing Pt into the pores 
of zeolite is the vapor phase impregnation using platinum acetyl acetonate, Pt(acac)2 as 
a precursor. 
Platinum (Pt) based catalysts have been effective in dehydrogenation of 
propane[49, 50] and also for dehydrogenolysis activity[51] most likely due to H2 
abstraction. Despite this, Pt by itself shows very low but stable activity (10% conversion) 
with very high (97%) selectivity to ethylene and almost negligible amounts of aromatics 
[40]. Lapidus et al. [41] however found around 27% ethane conversion with aromatic 
selectivity of about 51.5 % on Pt loaded ZSM-5 catalyst. These differences could be due 
to different Pt loading (0.3 wt%)[41] in one case whereas (0.5 wt%)[40] in other. Also, the 
parent H-ZSM5 zeolite material had different SiO2/Al2O3 ratios, SiO2/Al2O3 = 30:1 [41] and 
SiO2/Al2O3 = 50:1 for the other material [40] that would have more of an influence than 
the Pt loading itself.  
Despite a lack of strong activity in ethane aromatization by itself, Pt can be a very 
effective promoter [40] and can form bimetallic nanoclusters as depicted in Figure 3.7  
along with Ga thereby enhancing the activity of the overall catalyst multiple times and at 




Figure 3.7 Possible representation of Ga-Pt nano-clusters 
 
3.2.3.3 Ga/H-ZSM-5 
Gallium can be incorporated into the zeolite support by numerous methods 
including IWI of [Ga(NO3)3.xH2O] salt [40, 41], Ion exchange with Gallium salts [52], vapor 
phase deposition using volatile GaX3 (X = halide) precursors [53, 54], physical mixing of 
Ga2O3 with ZSM-5 [55-57] or directly adding gallium salt during the synthesis of ZSM-5 
to form gallosilicate or galloaluminosilicates.  
Gallium has been an effective and well-known dopant in the zeolites for the 
aromatization of propane [13]. Gallium is favored over platinum because of stronger 
aromatization activity. Ono et al. [15, 58] reported ethane aromatization over Ga/ZSM-5 
based catalysts. After this, numerous reports [25, 26, 40, 41, 51, 59] have emerged.  
Gallium activates ethane by abstracting hydrogen from ethane thereby forming ethylene. 
The mechanism for hydrogen removal from ethane is presented by Keipert et al. [51] as 
shown in Figure 3.8. However, like Mo, Ga also has a tendency to exchange with the 
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protons on the zeolite surface thereby causing the reduction in the strong acid sites on 
the surface of the zeolite [40].  
 
Figure 3.8 Elementary steps in ethane dehydrogenation over Ga based catalysts [51] 
 
There have been various reports about the nature of active Ga species for ethane 
aromatization. Some reports [59] speculate it to be multinuclear gallium clusters rather 
than mononuclear ones. On the other hand, Yakerson et al. [60], based on the extensive 
IR study and electron microscopy, had pointed out that Ga2O3 on the external surface is 
the active species for this reaction. It is widely accepted that Ga2O3 favors 
dehydrogenation through H2 recombinative desorption. However, Dooley et al. [61] 
correctly pointed out about transformations in the catalyst that can occur while reduction 
under H2 or during pretreatment with lower hydrocarbons or even under reaction 
conditions. Sometimes, these treatments or transformations can result in the formation of 
Ga+ that can replace H+ while migrating into the zeolite channels. In a more recent study 
[62], ethane dehydrogenation was studied over Ga/ZSM5 specifically to probe the role of 
various Ga species including: Ga2O3, GaO+, Ga+, and GaH2+. A noticeable drop in the 
acidity was observed when Ga/ZSM-5 was reduced under H2 and it was attributed to the 
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formation of reduced Ga species (Ga+ and GaH2+). These reduced species can undergo 
exchange with the protons and replace the acid sites, which was confirmed using NH3-
TPD and H2-TPR. Further, these reduced species showed better dehydrogenation activity 
than the oxide species Ga2O3/GaO+ for ethane aromatization. Authors[62] ranked the 
dehydrogenation activity for different species as follows: 
GaO+ ~ Ga2O3 < Ga+ < GaH2+ 
Because dehydrogenation is the initiation step in the aromatization of light alkanes, 
it becomes important to reduce Ga species (Ga+, GaH2+). However, these reduced 
species can cause reduction of strong acid sites, and this may hamper the oligomerization 
step that forms aromatics. Therefore, a balance between the number of reduced Ga 
species and Brønsted acid sites might be necessary for optimal activity of Ga/ZSM-5 
catalyst. Lapidus et al. [41] found the optimal loading of Ga to be around 2.0% for the 
pentasil zeolites. 
3.2.3.4 Re/H-ZSM-5 
Rhenium can typically be introduced into the zeolite (H-ZSM-5) using IWI of 
ammonium perrheneate salt [(NH4)2ReO4.4H2O]. Like most other metallic species, Re in 
metallic state is often the active species for alkane activation [63]. Encapsulated Re 
clusters have also been reported to be active for CH4 dehydroaromatization and in fact, 
can be 30% faster than the MoCx catalyst [64]. Also, these clusters have been shown to 
be active for propane activation irrespective of Re content. 
Two studies have reported doping of rhenium into the ZSM5 zeolite [24, 38] for 
ethane aromatization. Both studies doped Re onto ZSM-5 with SiO2/Al2O3 ratio of 30:1. 
Although, the loading of Re was different. Krogh et al. [24] compared Re/ZSM-5 vs. 
Zn/ZSM-5 and found out that although Re exhibited a lower activity initially, it deactivated 
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less rapidly than the Zn/ZSM-5 and thus showed higher and stable ethane conversion 
values over long runs. Performance of Re/ZSM-5 against Zn/ZSM-5 could be observed 
in Figure 3.9. The difference was attributed to the sublimation of Zn species that did not 
occur in the case of Re/ZSM-5 which is more stable at those temperatures. 
 
Figure 3.9 Ethane conversion on Re/ZSM5 and Zn/ZSM5 (1 atm, 650 °C, 400 mg 
catalyst, WHSV = 1.81 h-1). Reprinted from “Re/HZSM‐5: a new catalyst for ethane 
aromatization with improved stability”, Catalysis Communications, 4(12), 627–630, 
2003, with permission from Elsevier 
 
Solymosi et al. [38] reported that Re was promoting the activation of the C-H bond 
that resulted in more ethane conversion and higher aromatics selectivity. However, higher 
loadings of Re resulted in catalysts with lower activity. It could have been that higher 
loading led to poor dispersion of Re metal, making the catalyst less active. 
3.2.3.5 Zn/H-ZSM-5  
One of the most widely studied dopant in the zeolite framework for aromatization 
of ethane is zinc. Zinc can be introduced onto/into the ZSM5 support using various 
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techniques: IWI using precursors Zn(NO3)2.6H2O or ZnCl2, ZnO, ZnS, etc., ion exchange 
with a corresponding salt, or mechanical mixing of Zn salt with the zeolite. Heemsoth et 
al. [65] found that the catalyst prepared by a solid-state reaction of Zn dust and HZSM5 
gave a similar activity for ethane aromatization as of the one where Zn was impregnated 
onto HZSM5. Zn salt can also be added to the gel during the synthesis of the zeolite to 
incorporate Zn into the zeolite framework [66]. Newer techniques of deposition are also 
coming into practice such as CVD using dimethyl zinc, Zn(CH3)2 that allows for almost 
stoichiometric substitution of Brønsted acid sites (BAS) with Zn2+ ions [67]. This leads to 
a heterogeneous distribution of extra-framework Zn2+ species that is more active than 
isolated Zn2+ species obtained during Ion Exchange (IE) or incipient wetness 
impregnation (IWI).   However, the catalysts prepared by the CVD technique were less 
active in propane aromatization than the catalysts prepared with IE or IWI due to the 
lesser abundance of active Zn2+ and multinuclear zinc oxide species [67].  
Zn2+ species have proven to be an effective dehydrogenation site for light alkanes 
including methane. Apart from Zn2+, other divalent Zn species that can activate light 
alkanes include [Zn-O-Zn]2+ or small clusters of ZnO [68]. Arzumanov et al. [66] found a 
similar mechanism of ethane activation using 13C MAS NMR in which dissociative 
adsorption of ethane occurs on ZnO species to form Zn-ethyl species.  A similar result 
was obtained by Gabrienko et al. [69, 70] and Xu et al. [71] in which, the catalyst prepared 
by partial substitution of Brønsted acid sites with Zn2+, could activate methane by forming 
Zn-methyl species even at room temperature. Some of the proposed Zn sites as 




Figure 3.10 Various Zn2+ sites in ZSM5 and Silicalite. (a) Zn(II) stabilized by two 
framework Al atoms, (b) Zn(OH)+ stabilized by one framework Al, (c) oxygen‐bridged Zn 
dimer, (d) (ZnO)n cluster. Reproduced from “Ethane and ethylene aromatization on zinc‐
containing zeolites”, Catalysis Science and Technology, 7(16), 3562–3572, 2017, with 
permission of The Royal Society of Chemistry 
 
The amount of zinc onto the zeolite support thus has a substantial influence on the 
activity of the catalyst. This is due to the generation of Lewis acid sites when Zn is 
introduced, and at the same time reduction in Brønsted acid sites of the zeolite. Lapidus 
et al. [72] studied the effect of Zn content into the HZSM5 zeolite and found the optimal 
loading of the Zn to be in between 3-5 wt%. Effect of Zn content on the ethane conversion 
and aromatics selectivity as found by the same authors is shown in Table 3.3.  
Table 3.3 Effect of Zn content on the ethane conversion and selectivity to aromatics [72] 
(T = 600 °C, Volume hourly space velocity = 450 h-1). Also, conversions and yields of 
aromatics are per pass of ethane. Reproduced from “Zinc‐containing zeolite catalysts for 
ethane aromatization prepared by solid‐state modification”, Russian Chemical Bulletin 









Products composition (wt %) 
C6 C7 C8 C9 C10-12 
0 8.4 2.3 37.2 39.0 11.5 1.4 10.9 
0.75 30.7 15.5 33.2 27.0 6.0 1.9 31.9 
1.5 41.9 20.1 29.4 27.0 6.4 1.1 41.8 
3.0 49.5 21.9 25.3 25.2 6.6 1.1 41.8 
5.0 51.5 23.7 26.7 24.2 6.0 1.3 41.8 




Similar results were observed by Mehdad and Lobo [68] who found out the optimal 
concentration to be around 5 wt%. Above 5 wt% loading of Zn, blockage of pores due to 
ZnO deposition was observed. They found that at low Zn content, ethylene was favored 
instead of aromatics which was attributed to the presence of high density of Brønsted 
acid sites. At high Zn content, concentration of Brønsted acid sites had decreased, and 
the presence of generated Lewis acid sites would have favored aromatization instead of 
ethylene. However, higher zinc content also favored CH4 formation. This is in contrast 
with Anunziata et al. [66] observations with the ion exchanged Zn-ZSM-11, where an 
increase in the Zn content decreased CH4 formation. 
This might have been due to the difference in the support materials: ZSM-5 vs. 
ZSM-11. Although they are quite similar, the channel system differs in that the ZSM5 has 
crosslinked pores as compared to the later in which the pores are straight linked as could 
be seen in Figure 3.11. Also, the shape selectivity and acidity on these two supports are 
different leading to differences in activity. 
 
Figure 3.11 Pore channel system for ZSM-5 (a) and ZSM-11 (b) materials. Reprinted from 
“Hierarchical ZSM-11 with intergrowth structures: Synthesis, characterization and 
catalytic properties”, Journal of Energy Chemistry, 22(5), 761-768, 2013, with permission 
from Elsevier 
 
Although Zn doped ZSM5 catalyst is an active catalyst, one of the main challenges 
with its use is the volatilization of Zn, which occurs under reducing reaction conditions 
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most likely due to low melting point of 420 °C (high vapor pressure). For stable and long 
runs of ethane aromatization over Zn-ZSM-5, a constant source of Zn is required to 
replenish its loss. 
3.2.3.6 Promoters 
Pb, Mo, and Fe have been used as promoters in Zn doped ZSM-11 catalysts [66]. 
It could be done through IE. Most of these promoters generate Lewis acid sites that 
increase the ethane conversion as well as the selectivity to aromatics. Effect of promoters 
on the concentration of Lewis and Brønsted acid sites as observed by Anunziata et al. 
[66] is shown in Table 3.4. It could be seen that except for Fe, Mo and Pb doping 
increased the concentration of Lewis acid sites. 
Table 3.4 Effect of promoters on the concentration of acid sites [66] (pyridine based 
FTIR, after desorption at 400 °C for 4 h), site concentration is in absorbance units 
 
Zn-ZSM-11 
(Si/Al = 17) 
Zn-Pb-ZSM-11 
(Si/Al = 17) 
Zn-Mo-ZSM-11 
(Si/Al = 17) 
Zn-Fe-ZSM-11 
(Si/Al = 17) 
Brønsted sites 0.009 0.004 0.009 0.020 
Lewis sites 0.030 0.033 0.044 0.029 
W was also used as a promoter for Mo based ZSM5 catalysts[28] that improved 
the overall stability of the catalyst and increased selectivity to ethane aromatization,  and 
was attributed to the formation Mo-W oxide, either bimetallic or closely interacted. Authors 
further concluded that W might be providing an ensemble effect thus reducing the rate of 
formation of coke and preventing the sintering of Mo active species. 
Pt has also been used as a very effective promoter for Ga based ZSM-5 catalysts 
to enhance its activity in the aromatization of lower alkanes. Also, the introduction of Pt 
into Ga based zeolites considerably reduces the formation of byproducts methane and 
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ethylene [25]. It is believed that the dehydrogenation step gets accelerated in the 
presence of Pt in Ga doped zeolites [59] through the reduction in the activation energy 
for dehydrogenation and reduction in the hydrogen desorption energy too [26]. Further, it 
is speculated that Pt forms bimetallic alloy particles with the Ga and yields active sites in 
the zeolite framework [26, 59]. Although the presence of Pt does not help prevent coke 
formation, it partially removes coke that occurs due to hydrogenolysis through hydrogen 
spillover [40]. This results in less refractive coke as compared to Ga based ZSM-5 without 
Pt.  
Pd has also been tested as a promoter for Ga based ZSM-5 catalysts by Zaikovskii 
et al. [73]. However, Pd did not promote the aromatizing activity of Ga-ZSM-5 significantly 
because of poor dispersion of Pd over the catalyst. In contrast, the same study showed 
higher activity for Pt promoted Ga-ZSM-5 catalyst due to uniform dispersion of Pt over 
the catalyst. Similar results were obtained for Pt and Pd promoted Zn-ZSM-5 catalysts 
[74] in which, Pt promoted Zn-ZSM-5 catalyst showed higher activity in ethane 
aromatization as compared to Pd promoted Zn-ZSM-5 catalyst. Pd though can have an 
effect on stabilization of Zn by alloying with it to suppress the volatilization of Zn [75]. 
3.2.4 Effect of pore structure (ZSM-5, ZSM-8, ZSM-11, ZSM-12) 
Pore structure can be important for the aromatization reaction as it involves 
complex mechanisms, thus nature of the support can have considerable effects on 
reaction rates of different stages of the process. This results in considerably different 
activities for ethane aromatization over these catalysts.  
MFI or pentasil type zeolite, ZSM-5 is arguably the most active and the most 
extensively studied material for creating bifunctional catalysts.  A pentasil unit typically 
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consists of 8 five-membered rings. The ZSM-5 has interconnected 10-membered straight 
and sinusoidal pores that result in three dimensional pore network. It is a medium pore 
zeolite with pore dimensions of around 0.53 nm x 0.56 nm (straight pores) and 0.51 nm x 
0.56 nm (sinusoidal pores) [13]. One advantage with the medium pore zeolites such as 
ZSM-5 is that it can selectively perform conversions of light hydrocarbons into mono-
cyclic aromatics (formation of higher hydrocarbons is restricted) while minimizing coke 
formation. This is not possible with the small pore zeolites (requires severe conditions) or 
large pore zeolites (heavy aromatics production, faster deactivation) [76]. Some of the 
zeolite structures that have been studied in ethane aromatization are depicted in Figure 
3.12.  
 




Pore structure can be more important of a factor as compared to the acidity of the 
catalysts as observed by Vosmerikova et al. [27] who studied ethane aromatization on Zn 
modified zeolites of the type (ZSM-5, ZSM-8, ZSM-11, ZSM-12). Zn modified ZSM-12 had 
the highest concentration of acid sites, both strong and weak but still, Zn modified ZSM-
5 catalyst showed highest levels of conversion and selectivity to aromatics. Catalysts with 
the ZSM-8 and ZSM-11 pore structure showed lower activity overall in terms of ethane 
conversion as well as selectivity to aromatics. ZSM-8 based catalyst differs from ZSM-5 
only in terms of available surface area (lower than for ZSM-5) and pore volume (lower 
than for ZSM-5) but these two factors seem to have a high effect on the overall 
performance of the catalyst [27].  
ZSM-8 based catalyst showed lower ethane conversions and low aromatic yields. 
Similar results in terms of ethane conversion and aromatics selectivity were obtained on 
ZSM-11 based catalyst. However, ZSM-11 based catalyst showed high selectivity 
towards naphthalene that might have been due to slightly larger pore volume that allows 
condensation of carbenium ion type intermediates and olefinic species that eventually 
lead to higher hydrocarbons [78]. 
Despite stronger and higher distribution of acid sites, ZSM-12 based catalysts had 
lowest aromatization activity as compared to dehydrogenation (~ 80 % selectivity). 
Authors [27] observed C2-C4 alkenes on the ZSM-12 based catalyst and despite low 
ethane conversions, it formed large amounts of coke, possibly due to polymerization of 
intermediate compounds and slightly larger pore channels. It is possible that high acidity 
might have favored side reactions such as cracking leading principally to ethylene. Zn 
doped SSZ-13 or Chabazite type zeolite having very small pores has also been tried for 
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ethane aromatization [68] although it did not show any apparent activity. This inactivity 
was not clearly attributed but was thought to be due to geometric differences. In the same 
study, authors also studied Zn doped on Beta (BEA) zeolite but this catalyst was 2.5 times 
slower than the Zn-ZSM-5 for the aromatization of ethane. The exact values of conversion 
and selectivity to aromatics were not reported. Structures for Chabazite (SSZ-13) and 
Beta type zeolites are shown in Figure 3.13. 
 
Figure 3.13 Structures of zeolites [77]: (a) CHA (SSZ-13) and (b) BEA (Beta) 
 
3.2.5 Effect of acidity (Si/Al ratio etc.) 
Mehdad and Lobo [68] pointed out the importance of balance between the 
concentration of Lewis acid sites (LAS) and Brønsted acid sites (BAS). Metal doping 
introduces or increases Lewis acid sites depending on the type of dopant (for e.g. Zn) 
that are useful in activation of ethane through dehydrogenation, whereas Brønsted acid 
sites are useful for aromatization of olefinic intermediates. BAS can also play a role as an 
66 
 
ion exchange site for metal dopants. Based on their studies over ZSM-11 supports and 
different metal dopants, Anunziata et al. [66] pointed out that high LAS produced high 
concentrations of hydrogen acceptor species thus favoring dehydrogenation and 
ultimately ethane conversion and aromatic hydrocarbon production. On the contrary, BAS 
promoted cracking activity and C1 production.  
Si/Al ratio also influences the conversion of ethane and selectivity to aromatic 
hydrocarbons [38]. As the Si/Al ratio increases, conversion drops down as well as the 
selectivity to aromatics. However, the dehydrogenation route is favored resulting in more 
ethylene yield. This effect was observed in the case of Ga-Pt systems [41]. Aluminum 
content in the catalyst is directly related to the strong Brønsted acid sites that are in turn 
necessary for the oligomerization or cyclization of the olefinic species yielding aromatics. 
Lapidus et al. [41] recommended optimal Si/Al ratio to be ≤ 30 for Ga-Pt based system 
based on the ethane conversion data as shown in Table 3.5. 
Table 3.5 Ethane aromatization on Pt-Ga pentasils having different SiO2 /Al 2O3 molar 
ratios [41] (T = 600 °C, volume hourly space velocity = 450 h–1). Reprinted from “Ethane 
aromatization on Ga-Pt pentasil zeolites”, Petroleum Chemistry, 48(2), 83-86, 2008, with 














30 0.5 0.3 47.1 30.3 64.3 19.5 7.0 - 
56 0.5 0.3 39.9 24.0 60.2 23.3 6.5 - 
90 0.5 0.3 27.2 14.8 54.5 11.1 19.5 4.1 
30 2.0 0.3 47.6 30.1 63.2 20.1 7.8 - 
56 2.0 0.3 24.7 12.7 51.4 7.7 21.5 8.9 




In another study, Lapidus et al. [72] studied 5% Zn loaded onto ZSM-5 with 
different Si/Al ratio only to obtain similar results in which, highest conversion of ethane 
and the highest yield of aromatics was obtained on the catalyst with Si/Al ratio equal to 
30. Mehdad and Lobo [68] on the other hand, studied 5% Zn on ZSM-5 catalyst with Si/Al 
ratio below 30. They found that as the ratio increased from 11.5 to 25, the rate of ethane 
conversion as well as the rate of aromatization, dropped down. However, rate of 
deactivation also had decreased (less aromatization).   
Acidity or the Si/Al ratio, in some cases, can also influence the bifunctionality of 
the catalyst.  Ausavasukhi and Sooknoi [62] observed that Si/Al ratio influenced the 
dispersion of Ga species in the zeolite structure thereby affecting the overall 
dehydrogenation activity. This was due to less availability of acid sites for exchange with 
Ga species in the case of higher Si/Al ratio zeolites. 
3.3 Future perspective 
The main challenges associated with the conversion of natural gas are rapid 
catalyst deactivation through coking, loss in acid sites, and also in some catalysts loss of 
active dopant metal such as Zn through volatilization. All these factors demand constant 
regeneration of the catalysts as well as a constant source of replenishment of the active 
dopant metal. These processes can be expensive but are often employed on industrial 
scales for other light alkanes (e.g., propane based Cyclar process). Approaches to reduce 
the formation of coke include the addition of a promoter that lowers the rate of formation 
of coke or by addition of an oxidant (CO, CO2, O2, NOx). Other options to improve process 
performance include shifting of the thermodynamic equilibrium with the use of 
permselective membrane that can selectively remove produced H2 to drive the reaction 
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forward. H2 absorbing materials such as Zr2Fe can also be used as pointed out in the 
earlier reviews [14].  
Palladium membrane has been tested for propane aromatization by some 
research groups [79] and it was found that the activity increased several times by 
extracting hydrogen from the reaction products. Other membranes reported in the 
literature include ceramic materials (La5.5W0.6Mo0.4O11.25-δ)[80]. However, in these 
hydrogen selective membranes, along with an increase in the rate of aromatization, the 
rate of coke formation also increases [81], causing a rapid deactivation of the catalyst.  
Introduction of an oxidant like oxygen has been shown to inhibit coke production without 
affecting the selectivity to benzene. Thus, the membranes that can be employed should 
be of multifunctional nature i.e. it should selectively be able to remove H2 from the reaction 
and at the same time, provide O2 to remove coke formation from the system. These 
membranes can be multifunctional or two separate membranes for O2 and H2 can be 
used (from inside and outside of the reaction zone). A typical schematic for a 
multifunctional membrane (separate membranes for O2 and H2) system is depicted in 
Figure 3.14. 
Very recently, a similar multifunctional membrane reactor model was proposed and 
optimized by Fouty et al. [82]. Variety of factors determine the overall performance of this 
multifunctional membrane reactor system. It was determined that for high performance of 
this system: membrane should have a high permeation rate (0.01 mol/s·m2·atm1/4) and 
high selectivity to H2 (> 105). Other factors that will also affect the performance included 
selectivity to O2 (slow permeation), reaction temperatures, feed conditions, reactor 




Figure 3.14 Schematic for a multifunctional membrane reactor 
 
Practical application of a multifunctional BaZrO3 membrane in the methane 
aromatization reaction was recently shown by Morejudo et al. [81] This membrane was 
electrochemically able to remove H2 while, at the same time, provide O2 to remove carbon 
deposits. This resulted in high aromatics yield as well as high stability of the catalysts. 
Membranes like these could also be employed for the conversion of ethane or even for 
the conversion of a mixed feed: methane and ethane or directly natural gas. Ethane being 
easier to activate, a high yield, low temperature process might be feasible. 
Addition of oxidants such as CO2 has led to an increase in the aromatization 
activity in terms of both the conversion as well as the aromatics yield [83] while at the 
same time suppressing ethylene yield. In the same study, authors also observed that the 
addition of steam enhanced the dehydrogenation activity of Ga promoted catalysts. This 
positive effect was attributed to the additional reaction of steam and CO2 with the coke 
on the catalyst surface. CO2 reacts with desorbed H2 to undergo reverse water gas shift 
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reaction as CO and H2O were observed in the reaction products along with aromatics. 
(eq. 3.6): 
 𝐶𝑂2 + 𝐻2 ↔ 𝐶𝑂 +𝐻2𝑂                                              (3.6) 
The other reason is the Boudouard reaction (eq. 3.7), which removes deposited 
coke. 
    𝐶𝑂2 +  𝐶 ↔  2 𝐶𝑂                                                         (3.7) 
Although some activity is observed due to CO2 addition, it could also be due to 
steam generated from the reverse water gas shift reaction as pointed out by Nakagawa 
et al. [83]. On the contrary, Nishi et al. [84] had proposed that the improvement in the 
activity of the catalyst under the presence of CO2 was due to the kinetic effect instead of 
the thermodynamic effect. Also, the authors thought that the increase in activity was due 
to an increase in acid sites in the presence of CO2 that can interact with zeolite lattice and 
form Brønsted acid sites.  
As pointed out in an earlier review [14], the addition of an oxidant leads to 
additional side reactions such as the formation of CO and H2 like a syngas mixture along 
with methane and other cracking products. Controlling these reactions then becomes 
important. The ideal catalyst should have high activity in the aromatization of ethane with 
low selectivity for side reactions. This will ensure high yield to desired aromatics under 
the presence of an oxidant. Steam, when added as a co-reactant, enhances the 
conversion of ethane in the dehydrogenation reaction as observed by Nakagawa et al. 
[83] but at the same time, selectivity to CH4 also had increased.  
Zn doped ZSM-5 catalysts have shown high activity in ethane aromatization over 
the years. As discussed before, the primary issue with these catalysts is the volatilization 
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of Zn because of the high vapor pressure of Zn at reaction temperatures. There have 
been numerous attempts to minimize Zn volatilization. Earlier attempts focused on 
reducing Zn vapor pressure by alloying it with expensive metals such as Pd [75], Au [75], 
Ag [75] or some attempts focused on Ga [85]. These attempts resulted in the reduction 
of the volatilization rate of Zn, but improvements were not significant. In another 
subsequent patent, authors [86] proclaimed a novel method of addition of either 
nonmetallic oxides such as CO2, CO, NOx, Steam, etc. or of nonmetallic sulfur compound 
such as H2S. These seem to have improved the rate of loss of Zn considerably, if not 
completely. 
H2S or some of the oxidants like CO2 are already found as constituents of natural 
gas. Therefore, if an alloyed Zn on HZSM5 catalyst is used for directly converting natural 
gas to aromatics, this may provide a viable pathway ahead. This may accomplish a couple 
of things: 
1. Promoted or alloyed Zn on HZSM5 has high activity in the aromatization reaction 
and at the same time, volatilization of the Zn would be suppressed. 
2. If natural gas is directly used or a combined feed of lower alkanes along with 
CO2 and H2S, volatilization of Zn also may get suppressed.  
3. Presence of an oxidant will reduce coke formation and also will enhance the 
overall activity of the catalyst. 
Other approaches for minimizing zinc volatilization could include a regeneration unit 
wherein Zn or ZnO could be re-supplied to the spent catalyst through solid state ion 
exchange [14]. Catalysts prepared by these methods are effective and this type of 
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synthesis could be done in-situ by adding the appropriate amounts of Zn or ZnO along 
with heat treatment. 
Although the scientific advancements in terms of membrane technologies, other 
separation technologies and even for catalyst development have been impressive, 
significant progress is needed before the ethane aromatization process is put into 
commercial practice. Ethane is an important commodity for the production of ethylene 
and other valuable chemicals. The range of products that can be produced from ethane 
can further be exploited if aromatization of ethane becomes commercially feasible. This 
would allow efficient use of natural gas, much of which is flared for lack of a practical, 
competitive process.  A strong research emphasis from the scientific community should 
be given to the ethane aromatization. Methane aromatization is the next grand challenge, 
but ethane should be given equal attention because it is much easier to activate than 
methane. 
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Chapter 4 . Low Temperature Direct Conversion of Methane using 
a Solid Superacid2 
 
4.1 Introduction 
 Methane conversion to higher-value products has been a topic of research for 
decades, but the “shale gas revolution” has made low-cost natural gas readily available. 
This has presented a unique opportunity to take advantage of the immense, previously 
inaccessible reserves of natural gas. This has already had major impacts on the energy 
and chemical industries [1-3]. 
Methane is a thermodynamically stable, non-polar molecule containing strong, 
equivalent (C-H) bonds (434 kJ/mol) [4]. Activation of methane typically requires very high 
temperatures and oxidants like O2 (partial oxidation/oxidative coupling) [5], CO2/H2O 
(reforming) [6], S2 (sulfidation) [7], or Br2 (bromination) [8]. These reactions produce 
intermediates like syngas or CH3OH/CH3SH/CH3Br, which are subsequently converted 
into hydrocarbons or oxygenates. In these reactions, methane activation at elevated 
temperatures leads to another challenge: complete dehydrogenation of methane into 
elemental carbon or coke.  
Direct (non-oxidative) conversion of methane is an alternative to processes that 
require intermediates such as syngas. Catalysts involving direct conversion include 
lattice-confined single Fe sites [9] or modified-zeolites [10-13] at very high temperatures 
(700-1100 °C). One particularly promising approach for the direct conversion of methane 
at lower temperatures is based on superacids (Figure 4.1).  
                                            
2 Reprinted from S. Kanitkar, J. Carter, G. Hutchings, K. Ding, & J. J. Spivey (2018) Low 
temperature direct conversion of methane using a solid superacid. ChemCatChem, 10, 5019-




Figure 4.1 Current and proposed process for converting methane into olefins and fuels. 
At present, methane is reformed into syngas and then transformed into higher 
hydrocarbons through the Fischer-Tropsch synthesis. This indirect process requires high 
temperatures and pressures. Methane oligomerization using solid superacids offers a 
direct route to converting methane into higher hydrocarbons under mild conditions 
 
These catalysts were first demonstrated by Olah [14], using liquid “magic acid” 
(FSO3H-SbF5). Other superacids have been reported for the oligomerization of methane: 
(SbF5-HF) [15], (HBr-AlBr3) [16, 17], and sulfated zirconia [18, 19]. 
HBr-AlBr3 is a particularly promising gas-phase superacid catalyst. This is a proven 
strong superacid, and has been compared to the strongest known superacid, “magic acid” 
[20]. Recently [17], this gas-phase superacid has been shown to convert CH4 into higher 
hydrocarbons (C2 – C26) and H2 at temperatures as low as 200-400 °C. Although CH4 
conversions were relatively high, separating the catalyst from the gaseous products was 
difficult, making it practically impossible to carry out a carbon balance, or to envision a 
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practical process based on a gas-phase superacid.  This could be addressed by 
incorporating the proven gaseous HBr-AlBr3 superacid onto a solid support.  
Any process based on direct conversion of methane using superacids at the 
temperatures reported here (200-400 °C) must address the equilibria limitations. At the 
conditions of interest here, equilibrium methane conversion is ~ 0.5 to 12 % (with coke 
formation allowed) depending on the product composition, including hydrogen, 
alkanes/alkenes, polynuclear aromatics, among others. It is outside the scope of our 
study here to determine if a feasible process based on superacid catalysis of methane 
oligomerization is practical. However, we recognize that a solid superacid could be an 
essential element of a practical process.  
We are aware of no report of a solid superacid based on bromine for methane 
oligomerization, despite the potential significance of an active solid superacid based on 
the gas-phase HBr/AlBr3 catalyst sites. Our study here describes the synthesis, 
characterization and direct conversion of methane to higher hydrocarbons using a solid 
superacid, AlBrx/H-ZSM-5 (“ABZ-5”, x = 1 or 2). Though the oligomerization of methane 
is the focus here, there are clear significant opportunities in related acid-catalyzed 
processes, e.g. alkylations and acylations [21-23]; alkane isomerization and cracking [23-
25]; and polymerization [23].  
4.2 Experimental section 
4.2.1 Materials 
AlBr3 (anhydrous, 98%) and NH4-ZSM-5 (SiO2/Al2O3 = 50:1) were purchased from 
Alfa Aesar. SiO2 gel was purchased from PQ Corporation. Zr(OH)4 (97%) was purchased 
from Sigma Aldrich Inc. and H2SO4 (95–98%) was purchased from Malinckrodt Chemicals 
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Inc. Silver Nitrate (AgNO3), 0.0141 N solution was purchased as is from Macron Fine 
Chemicals. Pyridine (50 ppm) in gas phase (balance Argon) was purchased from Praxair 
Inc. 10% NH3/He (ultra-high purity), 10% CH4/Ar (ultra-high purity) were purchased from 
Airgas Inc. 
4.2.2 Catalyst preparation 
ABZ-5 was prepared as follows: H-ZSM-5 was prepared by calcining NH4-ZSM-5 
at 500 °C for 3 h in a muffle furnace. In order to optimize the -OH concentration on the 
surface of the as-prepared H-ZSM-5, it was washed in three alternate cycles of HBr (1 M) 
and deionized water and then dried in a vacuum at 80 °C for 72 h before being exposed 
to the room atmosphere [25]. Then, in separate vials, AlBr3 (1 g) and the washed H-ZSM-
5 (1 g) were loaded into a Teflon lined SS autoclave (Parr Instruments Inc., Moline, IL) 
inside a glovebox. The autoclave was then sealed and put inside an isothermal oven at 
180 °C for 72 h in order for AlBr3 to vaporize and react with the hydroxyl groups on the 
surface of the zeolite. The excess pressure generated during the synthesis (HBr 
formation) was released by opening the autoclave in a fume hood. The autoclave was 
then returned to the glovebox where the catalyst was recovered. Masses of all the 
materials were recorded in order to check for the weight gain by the H-ZSM-5 sample. 
ABSi catalyst was also prepared using the same methodology but substituting the H-
ZSM-5 for the SiO2 gel.  
Sulfated zirconia (SZ) was prepared using a previously reported literature 
procedure [26]. Briefly, Zr(OH)4 gel was washed with H2SO4 (0.5 M) solution and the 
washed product was dried at 110 °C overnight in an isothermal oven. Then the material 
was subsequently heated to 550 °C at a ramp rate of 5 °C/min and calcined at this 
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temperature for 4 h under static air. The solid sulfated zirconia powder obtained was then 
stored for further use. Formation of sulfated zirconia was confirmed by XRD on the 
prepared sample, which showed a diffraction pattern similar to the one previously 
reported [26]. 
4.2.3 Ammonia-TPD 
Ammonia-TPD was carried out using AMI-200 reactor system (Altamira 
Instruments Inc., Pittsburgh, PA) in conjunction with an Ametek LC-D Mass Spectrometer. 
Typically, 25 mg of catalyst was weighed and loaded in a quartz tube reactor. The catalyst 
was pretreated at 100 °C for 30 min under He flow to clean the catalyst surface. After 
pretreatment, the sample was cooled down to 50 °C, and ammonia was adsorbed by 
flowing it through the catalyst bed for 1 h. After ammonia adsorption, 25 ml min-1 of He 
was flowed for 40 min to remove any physisorbed/residual ammonia. Then, the Mass 
Spectrometer and TCD detectors were turned on and the temperature was ramped up at 
10 °C min-1 from 50 to 500 °C. Masses that were analyzed included 16 (NH3), 17 (NH3), 
18 (H2O), 81 (HBr). 
4.2.4 Pyridine-DRIFTS 
DRIFTS experiments using pyridine as a probe molecule were carried out using 
Thermo Scientific Nicolet 6700 FTIR equipped with Harrick Praying Mantis reaction cell 
fitted with KBr windows. Spectra of all the samples were recorded with a spectral 
resolution of 4 cm-1 in region going from 4000-650 cm-1. In a typical experiment, the IR 
cell was loaded with the catalyst sample inside the glovebox. The sample was then 
transferred to the spectrometer and pretreated at 100 °C for 30 min. under He flow (30 
sccm) to clean surface of the catalyst. After pretreatment, the sample was cooled down 
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to 25 °C and a background spectrum was recorded. At this temperature, catalyst was 
saturated with pyridine vapors for 45 min. The saturated sample was then treated under 
He flow for 30 min. Sample was then treated at 100 °C for 10 min and cooled to room 
temperature and the actual spectrum was recorded. Similar spectra were recorded at 
room temperature after 10 min. treatments were carried out at 200 °C, 300 °C, and 400 
°C to check the thermal stability of the acid sites on catalysts. 
FTIR of hydroxyl region was carried out in the same aforementioned DRIFTS cell 
under Helium flow and at various temperatures. Some IR catalyst samples were also 
recorded using Bruker Alpha IR spectrometer using Diamond ATR crystal in the range of 
4000-400 cm-1. 
4.2.5 TPO 
Temperature programmed oxidation (TPO) experiments were carried out in an 
Altamira AMI-200 catalyst characterization system in conjunction with Ametek Dycor 
Quadlink residual gas analyzer. Typically, 30 mg of spent catalyst was loaded in the 
reactor tube and the temperature was ramped up from 30 °C to 900 °C at a rate of 10 K 
min-1 under a flow of 10%O2/He. Masses (m/z) that were analyzed for this procedure 
included 44 (CO2), 28 (CO), 18 (H2O), 32 (O2), 4 (Helium). 
4.2.6 XRD 
X-ray diffraction studies were conducted at Shared Instrument Facility (SIF) at LSU 
using PAN Analytical EMPYREAN diffractometer with a generator voltage of 45 kV and a 





XPS analysis of all the samples was carried out using ScientaOmicron ESCA 2SR 
XPS/Auger instrument at Shared Instrument Facility (SIF) at LSU. All the samples were 
ran at a characteristic energy of 1486.7 eV and with an acquisition time of 2 s. 
4.2.8 Reaction studies 
CH4 oligomerization was carried out in a custom built reactor equipped with a 
Hamilton ¼” OD glass lined SS tube. Typically, the supported catalyst (0.10 g) was loaded 
into the reactor tube and was heated to the desired reaction temperature at which time 
methane was passed over the catalyst. Downstream of the reactor, a caustic wash tank 
was fitted (aq. KOH, 0.1 N) to neutralize HBr (when used) during the treatment of the 
catalyst. Products were analyzed using Shimadzu GC2014 (FID) equipped with Restek 
RT-Q-Bond column (30 m x 0.53 mm x 20 μm). A schematic could be found in Figure C.1, 
Appendix C. Downstream of the reactor the outlet line going to the GC (for analysis), was 
not heated because we didn’t observe any condensation as analytes of interest were few 
ppm. 
4.2.9 Silver nitrate (AgNO3) test 
AgNO3 is a common test for identifying halide ions and can also be used to quantify 
the amount of halides present in a sample. This test was used in the estimation of bromine 
(Br) content as well as to confirm the presence of bromide ions in the HBr dissolved 
aqueous sample. In a typical test, measured amount of catalyst (0.2 g) was dissolved in 
water (although its moisture sensitive, here only dissolution of bromide ions in the 
aqueous phase was desired), then using 1 M potassium chromate (K2CrO4) indicator 
solution, it was titrated against 0.0141 N silver nitrate to the reddish-brown endpoint. For 
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the HBr dissolved water samples, it was directly titrated with silver nitrate solution using 
potassium chromate indicator solution. 
4.3 Results and discussion 
4.3.1 Comparison with previous research 
Table 4.1 compares the literature on direct conversion of methane using solid 
superacids with a representative result on ABZ-5 reported here (300 oC).   





(L gcat-1 h-1) 
Conv. (%) Notes Ref. 
SZ[b]/Fe/Mn 350-450 0.76 < 0.15 Flow reactor [19] 



































[a] Temperature, [b] Sulfated Zirconia, [c] sulfated zirconia promoted with metal ions, all showed 
small activities, all showed 100 % selectivity to ethane, [d] sulfated zirconia and sulfated zirconia 
promoted with alumina, main product was ethane with traces of ethylene. *NR – Not reported 
 
Table 4.1 shows that methane conversions in the literature are not typically given. 
For studies in which conversions are reported, values vary from 0.15-1.9%. However, a 
direct comparison of ~1% conversion for the ABZ-5 catalyst with the literature is not 
possible because of the different reaction conditions. For example, Table 4.1 shows that 
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results for ABZ-5 at the temperature of 300 °C, while reported studies were carried out at 
higher temperatures, 350-450 °C. SV values in the literature were 0.44-4.5 L gcat-1 h-1, 
while here the space velocity was 18 L gcat-1 h-1, a factor of 4-40 times greater than those 
reported here. Table 4.1 suggests that ABZ-5 is more active than SZ. In order to test this, 
a direct comparison was carried out. 
4.3.2 Direct comparison of ABZ-5 with other solid superacids 
 Table 4.2 directly compares the activity of four solid superacids in CH4 
oligomerization at identical conditions: H-ZSM-5 (as-received), and three catalysts 
synthesized here: sulfated zirconia (SZ), AlBr3 supported on SiO2 (ABSi) and AlBr3 
supported on ZSM-5 (ABZ-5). An intermediate temperature of 300 °C was selected to 
compare solid superacid product selectivities directly. 
Table 4.2 shows that only ABZ-5 is active, while there are no measurable products 
from any of the other catalysts at these conditions. A decrease in TOF (turnover 
frequency) with TOS (time on stream) for ABZ-5 indicates deactivation. With time, there 
is a general increase in ethylene and propane selectivity. Selectivity to aromatics is 
significant, even when methane conversion is ~1%. The aromatic selectivity also changes 
on-stream: after 1 h, ethylbenzene and toluene are the major products, but after 3 h, no 
ethyl benzene was observed and the selectivity to xylene and toluene increased 
significantly.  
Despite low methane conversions, these results provide clear evidence of 
methane activation at temperatures as low as 300 °C and demonstrates that ABZ-5 is a 




Table 4.2 Time on stream (TOS) activity of ABZ-5 catalyst and its comparison against 
various catalysts for CH4 oligomerization (300 °C, 1 atm, 9 Lgcat-1h-1, CH4 conv. ~ 1% for 
ABZ-5) 
[a] Benzene, [b] Toluene, [c] Ethyl Benzene, [d] Ortho-, meta-, para- Xylene, [e] Selectivity is 
calculated based on total number of observed products. (-) = not detected 
 
4.3.3 Acidity measurements  
The acidity of these superacids was characterized using pyridine-DRIFTS, and 
NH3-TPD (Figure 4.2[b]) and the crystallinity was characterized using XRD (Figure C.3, 
Appendix C).  Pyridine-DRIFTS uses pyridine as a probe molecule to identify Brønsted 
and Lewis acid sites. Figure 4.2[a] compares the IR spectra of H-ZSM-5 and ABZ-5 
catalysts, which shows the effect on the IR spectra when AlBr3 is added to H-ZSM-5.  
DRIFTS spectra of both catalysts at 300 °C show the presence of strong Brønsted 
acid sites (~ 1545-1550 cm-1). Although there are very few differences between fresh 
ABZ-5 and H-ZSM-5, one noticeable difference is a new shoulder that corresponds to a 
Brønsted acid site at 1540 cm-1 in the case of ABZ-5. This shoulder is apart from the main 







Product Selectivity (%)[e] 
C2= C3 C4 B[a] T[b] EB[c] 
X 
(o,m,p)[d] 
ABZ-5 1 0.1 3.0 7.9 2.3 0.5 18.5 59.6 8.1 
ABZ-5 2 0.015 8.2 14.9 - - 26.1 41.3 9.5 




1 0 - - - - - - - 
ABSi 1 0 - - - - - - - 
H-ZSM-5 1 0 - - - - - - - 




Figure 4.2 [a] Comparison of DRIFTS spectra at 300 °C for (a) Fresh ABZ-5, (b) H-ZSM-
5, and (c) Spent ABZ-5. Region corresponding to (L) = Lewis acid sites, (B) = Brønsted 
acid sites; [b] NH3-TPD for (a) Fresh ABZ-5, (b) H-ZSM-5, and (c) Spent* ABZ-5. *Spent 
catalyst refers to ABZ-5 recovered after CH4 oligomerization reaction ran at 300 °C, 1 




Also, the Brønsted (“B”) acid sites appeared to be stable at high temperatures, 
although the concentration of Lewis acid sites decreased with increasing temperatures 
(Figure C.5, Appendix C). Acid catalysts having peaks in the same range of wavenumbers 
are reported to be solid superacids [28-32]. The spent ABZ-5 catalyst shows significantly 
lower intense peaks, indicating either a loss of acid sites or lack of access to the acid 
sites. Figure C.7 (Appendix C) shows that H-ZSM-5 maintains acid sites up to at least 
400 °C, and it is unlikely that there is a loss of Brønsted acid sites from this zeolite. Table 
C.1 (Appendix C) shows that there is some bromine loss during the reaction, but at least 
the Brønsted sites due to zeolite should remain because they are stable. The presence 
of coke on the spent catalyst, as indicated by the decrease in TOF with time (Table 4.2), 
is likely responsible for blocking access to the acid sites.  
Acidity of both ABZ-5 and H-ZSM-5 was also characterized using NH3-TPD. Figure 
4.2 [b] shows the results. Both catalysts show two principal peaks, one at ~ 150-200 °C 
that can be characterized as a low temperature (LT) or weakly bound ammonia site [33, 
34], and the second one, at ~ 370-400 °C, attributable to a high temperature (HT) or 
strongly bound ammonia site [33, 34], which probably is able to protonate NH3 to form 
NH4+. Similar TPD peaks were also observed when AlCl3 was grafted on mesoporous 
MCM-41 zeolites[35]. The low temperature peaks are often identified as ammonia 
adsorbed through hydrogen co-ordinate bond [34]. The literature suggests that this weak 
acidity has little catalytic significance [36, 37]. In the case of ABZ-5, both the LT and HT 
peaks are present but shifted to temperatures higher than H-ZSM-5. The LT, weak acid 
peak for ABZ-5 is centered at ~ 210 °C compared to ~165 °C for H-ZSM-5. The HT, strong 
acid peaks are very similar: ~400 °C for ABZ-5 compared to ~390 °C for H-ZSM-5. Both 
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peak shifts, and the total acidity, as measured by the areas under the NH3-TPD curves, 
clearly indicate an increase in acidic strength due to the presence of AlBr3 [38]. Note that 
the difference in total acidity between ABZ-5 and H-ZSM-5 is almost entirely due to that 
of the strong, HT acidity, even though the acid strength, as measured by the shift in the 
peak temperature, is comparable (~ 10 °C shift for HT peak).  For spent catalyst, NH3-
TPD also showed significantly fewer acid sites and the loss was seen in both the LT and 
HT regions. Table 4.3 shows that ABZ-5 clearly has more acid sites, which can be 
attributed to the AlBr3 grafting, which generated new acid sites in the H-ZSM-5. The spent 
ABZ-5 catalyst on the other hand, did show a loss in the number of acid sites (Figure 
4.2[b] and Table 4.3).  This could either be due to the loss of Br from ABZ-5 during reaction 
or due to lack of access to the acid sites from coke. 
Table 4.3 Amount of acid sites on zeolite catalysts using NH3-TPD 
Catalyst 
Conc. of acid sites 
(mmol/g) 
H-ZSM-5 1.19 
ABZ-5 (fresh) 1.55 
ABZ-5 (spent) 0.85 
 
4.3.4 Effect of temperature 
Reactions were run on ABZ-5 at three temperatures from 200 to 400 °C. The effect 
of temperature on CH4 oligomerization is shown in Table 4.4. ABZ-5 showed activity at 
each temperature.  Higher temperatures (400 °C) resulted in higher rate, as measured by 
TOF. There is a general increase in total selectivity to aromatics with temperature, with 
toluene selectivity being the only clear trend with temperature. These aromatic products 
are thought to be precursors for polynuclear aromatic compounds and coke. Formation 
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of these products at a faster rate at higher temperatures likely leads to faster deactivation. 
Similar deactivation is also typically observed in methane aromatization [39]. 
Table 4.4 Effect of temperature on methane oligomerization over ABZ-5 catalyst (1 atm, 





 Product selectivity (%) 
C2= C3 C4 B T EB X 
(o,m,p) 
M[a] 
200 0.01 17.6 30.4 10.7 31.6 9.7 - - - 
300 0.1 3 7.9 2.3 0.49 18.6 59.6 8.1 - 
400 0.08 7.8 14.4 1.4 9.0 35.6 24.7 7.1 - 
[a] Mesitylene 
4.3.5 Effect of space velocity 
Space velocity (SV) significantly affects hydrocarbon selectivity. ABZ-5 was 
studied at three different space velocities (3.6, 9 and 18 L gcat-1 h-1). The corresponding 
activity results are presented in Table 4.5.  
Table 4.5 Effect of space velocity on methane oligomerization over ABZ-5 catalyst (1 




(L gcat-1 h-1) 
TOF 
(h-1) 
Product selectivity (%) 




3.6 0.16 4.2 0.75 2.1 1.97 8.4 20.1 5.6 56.9 
9 0.1 3 7.9 2.3 0.49 18.6 59.6 8.1 - 
18 0.02 17 25.6 5.5 4.6 17.1 30.2 - - 
 
The total aromatic selectivity is relatively high at all conditions tested here, 
consistent with coke formation. TOF increases at lower SV, as expected. However, there 
is no clear trend of total aromatic selectivity with SV, nor with any specific aromatic 
compounds. The only clear trend in selectivity is that of propane selectivity, which 
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increases with increasing SV, indicating that propane is an intermediate. However, there 
is no obvious relationship between propane and any measurable aromatics.  
4.3.6 TPO 
Results in Table 4.2, Table 4.4, and Table 4.5 clearly show the relatively high total 
selectivity to aromatics. Figure 4.3 compares the amount and reactivity of coke analyzed 
in the four catalysts of interest here: fresh catalyst and spent catalysts after being run at 
three reaction temperatures (200 °C, 300 °C, and 400 °C).  Peak TPO positions were 
similar for all runs, ~ 420 °C, indicating amorphous carbon on the surface of all three 
spent catalysts [40]. TPO results (Table 4.6) show slightly different levels of coke 
deposition depending on reaction temperature.  




Fresh ABZ-5 2.53 
Spent ABZ-5 
(after 16 h reaction at 200 oC) 
3.00 
Spent ABZ-5 
(after 16 h reaction at 300 oC) 
3.60 
Spent ABZ-5 
(after 16 h reaction at 400 oC) 
3.47 
 
TPO results for the 300 °C catalyst show a small peak at ~120 °C that is not shown in the 
others. In addition, there is more coke at the 420 °C peak than the other two runs. This is 
perhaps consistent with greater aromatic selectivity and TOF for the 300 °C catalyst 
(Table 4.4). [The anomalous TPO peak at ~120 °C for the fresh catalyst may be due to 





Figure 4.3 TPO comparison for ABZ-5 after CH4 oligomerization runs (1 atm, 9 Lgcat-1h-
1) at various temperatures on ABZ-5 catalyst (a) fresh catalyst, (b) 200 °C, (c) 300 °C, 
(d) 400 °C (after running reaction at respective temperatures for ~ 1000 min) 
 
4.4 Conclusions 
Vapor grafted AlBr3 on to H-ZSM-5 has been used to synthesize AlBrx/H-ZSM-5 
catalyst (“ABZ-5”). Grafting of AlBr3 creates new Brønsted acid sites in the H-ZSM-5 
framework, as observed from the NH3-TPD and pyridine-DRIFTS. These acid sites, in 
synergy with the existing acid sites from the H-ZSM-5 framework, are likely the cause for 
the protonation of methane via an oligo-condensation mechanism [14], producing higher 
96 
 
hydrocarbons. This catalyst has been shown to be active in the oligomerization of 
methane at temperatures as low as 200 °C. 
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Chapter 5 . Methane Dehydroaromatization over Molybdenum 
supported on Sulfated Zirconia Catalysts3 
 
5.1 Introduction 
The conversion of methane into higher value chemicals is one of the grand 
challenges of 21st century. The shale gas revolution has made these immense, 
previously unattainable resources of natural gas accessible and economically 
competitive.  Natural gas is considered to be a cleaner source than other conventional 
fuels such as coal and oil. This has helped some countries such as USA to reduce its 
CO2 emissions by direct application of natural gas in the power plants [1, 2]. Conventional 
end-uses of natural gas include power generation or flaring, but it can also be used as a 
feedstock for the production of higher-value chemicals. Conversion of methane into 
higher-value chemicals has been long sought by researchers, but with limited success 
and generally with only incremental improvements. 
The principal processes for conversion of methane can be categorized into non-
oxidative or oxidative. Examples of oxidative route are as shown in Figure 5.1. These 
include OCM (Oxidative Coupling of Methane) [3], Reforming (Dry/Bi/Oxy/Steam) [4-7], 
(PO) Partial Oxidation [8], Halogenation [9] or even Sulfidation [10]. Except for Steam 
Reforming of Methane (SRM) and Fisher Tropsch (FT), none of the other oxidative 
processes are commercialized and are often limited by the net yields of desired products. 
Though commercially practiced, SRM produces a syngas (CO+H2) mixture, which is 
subsequently converted into higher hydrocarbons, via processes such as Fisher Tropsch 
                                            
3 Reprinted from S. Kanitkar, Md. A. Abedin, S. Bhattar, J. J. Spivey. (2019) Methane 
dehydroaromatization over Mo supported on sulfated zirconia catalysts. Applied Catalysis A: 
General. 575, 25-37. With permission from Elsevier B.V. 
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synthesis. Reforming processes produce commercially practical yields only at 
temperatures of 700-800 °C, which often results into high energy requirements and thus 
high costs [11]. On the contrary, non-oxidative conversion routes are based on a single 
step, thus requiring lesser energy and less cost. Some of the attempts involve use of what 
is known as superacids: HF-FSO3H [12, 13], HF-SbF5 [12, 13] or HBr-AlBr3 [14] or sulfated 
zirconia (SZ) [15-17]. Other significant recent attempts involved use of lattice confined 
single Fe sites[18], use of metal modified zeolites (Mo [19, 20], Re [21], Ag [22], Zn [23]), 
or even recently using GaN nanowires under UV irradiation [24].  
 
Figure 5.1 Oxidative conversion routes of methane to higher hydrocarbons 
One of the potentially most important non-oxidative methane conversion 
processes is dehydroaromatization (DHA), the oligomerization of methane to benzene 
and hydrogen as shown in equation 5.1 below:  
6 CH4 ↔ C6H6(g) + 9 H2 ↑ (∆𝐺298𝐾 = +433
𝑘𝐽
𝑚𝑜𝑙
, ∆𝐻298𝐾 = +530
𝑘𝐽
𝑚𝑜𝑙
)  (5.1) 
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DHA was first reported around 1966 in which methane was passed over silica gel 
at temperatures of around 1000 °C, with aromatic yields of 4-6 % [25]. It was not until 
1990s that DHA attracted attention [19, 20]. Molecular sieves such as H-ZSM-5 zeolite 
and H-MCM-22 have been shown to be the most active supports for this reaction [26-28]. 
Many reports based on doping of noble metals such as Mo, Re, or W into these supports 
for the aromatization of methane have also been reported [29]. Nevertheless, the 
literature shows that Mo-doped catalysts have been the most widely-studied catalysts for 
DHA. Despite a great deal of research, and significant improvements to the process, e.g., 
using membranes to separate hydrogen, DHA has not yet been commercialized [30-32]. 
It is widely accepted that active molybdenum oxycarbide or carbide species are 
generated in-situ under reducing reaction conditions and under the flow of methane [26, 
27]. These species can also be intentionally generated using other carbon sources 
(CO2/CO) under H2 flow [26, 27]. Even though the nature of active species 
oxycarbidic/carbidic is not fully understood [29], it is commonly believed that exchanged 
molybdenum [33] species activate methane by activating one of the C-H bonds that lead 
to the formation of CHx species, forming a dimer: C2Hy. This dimer is then oligomerized 
and cyclized into higher hydrocarbons and aromatics on the Brønsted acid sites (BAS) of 
the molecular sieve. This mechanism has been opened for debate as to whether it is 
bifunctional or monofunctional, based on one study [34]. Regardless, this typical 




↔    C2Hy
BAS
↔  C6H6 + C7H8 + C8H10 + H2   (5.2) 
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There are a number of solid acids that could, in principle, catalyze the C2Hy 
species. For example, sulfated zirconia (SZ) is a well-known solid superacid that has been 
studied and a number of variations have been produced (mesoporous, nanosized, e.g.) 
[35-37]. SZ possesses strong BAS that can play a key role in the oligomerization of 
dimeric species. In principle, a similar bifunctional catalyst could be synthesized if Mo is 
doped onto a solid acid. Although doping of Mo on SZ is not novel [38]; to the best of our 
knowledge, no study has shown DHA of methane on these catalysts.  
The present work tests these Mo/SZ catalysts for DHA of methane and also the 
effect of Mo loading at reaction conditions of interest. For this purpose, 3 different 
catalysts were synthesized: SZ (w/o Mo), and two Mo loaded SZ catalysts with two 
different loadings of Mo (1 %, 5 %). These catalysts were further evaluated for DHA and 
were characterized using spectroscopic techniques including Raman, DRIFTS, XRD, 
SEM-EDS, XANES, HRTEM, XPS. The hypothesis is that an active DHA catalyst can be 




 Zirconium hydroxide, Zr(OH)4 (97%) and ammonium molybdate tetrahydrate 
(NH4)6Mo7O24.4H2O were both purchased from Sigma Aldrich Inc. H2SO4 (95–98.0 %) 
was purchased from Malinckrodt Chemicals Inc. Ultra-high purity grade H2, CH4, Ar, and 
10% O2/He were all purchased from Airgas Inc. NH4-ZSM-5 (Si/Al=50:1) was purchased 
from Alfa Aesar Inc. All Mo standards (Mo powder, MoS2, MoO3, MoO2, β-Mo2C) were 
purchased from Alfa Aesar Inc. with a purity of 99+%. 
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5.2.2 Catalyst preparation 
 Sulfated zirconia was prepared based on literature methods [36] . In a typical 
preparation, about 35 g of Zr(OH)4 was mixed with 500 ml of 0.5M H2SO4 solution and 
the mixture was stirred for 2 h, followed by vacuum filtration and subsequently dried 
overnight at 110 °C. The dried catalyst powder was then calcined at 550 °C for 4 h under 
static air to get the sulfated zirconia catalyst. Different loadings of molybdenum were 
incorporated onto sulfated zirconia using standard impregnation method. In a typical 
preparation, known quantity of ammonium molybdate tetrahydrate was dissolved in 50 ml 
of water and to this solution, appropriate quantity of sulfated zirconia was added, and the 
solution was stirred for 2 h after which a similar procedure of vacuum filtration, overnight 
drying (110 °C) and calcination at 550 °C for 4 h in static air was followed. This yielded 
the final Mo supported on sulfated zirconia catalysts. Similar procedure was also used for 
preparing Mo supported on H-ZSM-5 catalysts. For H-ZSM-5 preparation, as purchased 
NH4-ZSM-5 was calcined at 550 °C for 4 h under static air. 
5.2.3 ICP-OES 
Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was carried 
out using Varian-MPX spectrophotometer in Wetland Biogeochemical Lab at LSU 
Oceanography. The digestions of samples were carried out using a mixture of borate flux: 
Lithium Tetraborate (49.75 wt%), Lithium Metaborate (49.75 wt%), and Lithium Iodide 
(0.5 wt%). In a typical procedure, 0.2 g of catalyst sample was mixed with 2 g of borate 
flux mixture. This mixture was fused in a furnace at 1000 °C and subsequently dissolved 





Breauner Emmett Teller (BET) surface area analysis was done using Altamira 
AMI-200 catalyst characterization system using N2 monolayer adsorption. Three-point 
BET with 10%, 20% and 30% N2 concentrations in Helium was used to estimate the 
surface areas of these catalysts. 
5.2.5 Raman spectroscopy 
Analysis by Raman spectroscopy for all catalyst samples was carried out using 
Renishaw inVia Raman microscope equipped with a 532 nm (green) laser. Spectra 
measurements were carried out at 10mW power and with 50 μm slit aperture. 
5.2.6 DRIFTS 
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 
experiment using pyridine as a probe molecule was carried out in a Thermo Scientific 
Nicolet 6700 FTIR equipped with Harrick Praying Mantis reaction cell fitted with KBr 
windows. Spectra of all the samples were recorded with a spectral resolution of 4 cm−1 in 
region going from 4000-650 cm−1. In a typical experiment, IR cell was loaded with the 
catalyst sample inside the glovebox. Sample was then brought on stream and pretreated 
at 100 °C for 30 min under He flow to clean the surface of the catalyst from adsorbed 
impurities. After pretreatment, sample was cooled down to 25 °C and a background 
spectrum was recorded. At this temperature, catalyst was saturated with pyridine vapors 
for 3 h. Saturated sample was then treated under He flow for 30 min to remove 
physisorbed pyridine from the catalyst surface and from the cell chamber. Sample was 
then treated at 100 °C for 10 min under He flow and cooled back to room temperature 
and the actual spectrum was recorded. Similar spectra were recorded at room 
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temperature after 10 min. treatments at 200 °C, 300 °C, and 400 °C to check the thermal 
stability of the acid sites on catalysts. 
5.2.7 Ammonia-TPD 
Ammonia-TPD was carried out using Altamira AMI-200 reactor system in 
conjunction with Ametek Mass Spectrometer (MS). Typically, 50 mg of catalyst was 
weighed and loaded in a quartz tube reactor. Catalyst was pretreated at 100 °C for 30 
min under He flow to clean the catalyst surface. After pretreatment, sample was cooled 
down to 50 °C, and ammonia was adsorbed by flowing it through the catalyst bed for 1 h. 
Post ammonia adsorption, 25 sccm of He was flown for 40 min to remove any 
physisorbed/residual ammonia. At this time, Mass Spectrometer and TCD detector were 
turned on and the temperature was ramped up at 10 °C/min. from 50 to 500 °C. The TCD 
signal is usually a combination of signals from various gases that are generated or are 
being flowed in the system. In order to clearly distinguish various gases coming out, MS 
was used to track signals for following masses: 4, 16, 17, 18, 27, 32, and 82. Based on 
ammonia (m/e=16) signals from MS with respect to temperature, amounts of ammonia 
desorbed and peak positions were calculated. 
5.2.8 SEM-EDS 
SEM analysis of the samples was done at LSU Shared Instrument Facilities (SIF) 
using FEI quanta 3D FIB/SEM equipped with Ametek EDAX accessory. Samples were 
analyzed at a voltage of 5 kV and at a resolution of 3 μm. 
5.2.9 HRTEM 
High Resolution Transmission Electron Microscopy (HRTEM) was used to study 
these type of catalysts. This was particularly useful in confirming the loading of Mo onto 
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the sulfated zirconia sample and also to confirm the formation of Mo2C after carburization 
of the fresh catalysts was done. HRTEM scans of these catalysts were obtained using 
JEOL JEM-2011 Scanning TEM at an accelerating voltage of 200 kV. 
5.2.10 XRD measurements 
X-ray diffraction (XRD) measurements for all the samples was carried out using 
PANalytical EMPYREAN diffractometer with Cu Kα radiation. Sample was collected by 
scanning the data from 5° to 90° with a step size of 0.026°. Data analysis of XRD of all 
samples was done using PANalytical X’Pert software. 
5.2.11 XPS 
X-ray Photoelectron Spectroscopy (XPS) for the samples was performed at 
Shared Instruments Facility (SIF) in LSU. All the analyses were performed on Scienta 
Omicron ESCA 2SR instrument with Mg as an X-ray source at 15 kV and at a pass energy 
of 40. Post processing of XPS data was performed using CasaXPS software. 
5.2.12 XANES 
X-ray Absorption Near Edge Spectroscopy (XANES) studies of the catalyst were 
performed at the electron storage ring of J. Bennett Johnston, Sr., Center for Advanced 
Microstructures and Devices (CAMD) of Louisiana State University, Baton Rouge, 
Louisiana. CAMD operates the ring operating at 1.3 GeV with current between 100 mA 
to 50 mA. The Mo K edge measurements were made at the High Energy Xray 
Spectroscopy (HEXAS) beamline located on an 11-pole wiggler operating at 5.5 T. The 
LIII edge measurements were made at the Low Energy X-ray Absorption Spectroscopy 
(LEXAS) beamline, a windowless beamline on a bending magnet with a 13 μm Kapton 
tape separating the ring from the beamline. Both beamlines use Lemonnier double crystal 
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monochromator with design modifications made at the University of Bonn. At lower 
energy InSb 111 crystals (resolution ca. 0.5 eV) were used while at higher energy water-
cooled Ge 422 crystals (resolution ca. 2 eV) were used. For Mo K edge measurement, 
the Hexas beamline was calibrated with a Mo Foil at 20 keV. The beamline has three ion 
chambers with a Mo foil in between the second and third chambers for monitoring the 
calibration. Mixtures of argon, and xenon gases were used to achieve 20%, 30% and 
30% absorption in the first, second and third chamber, respectively.  
Mo standards used in the analysis were: MoO3 (99.9% metals basis, Alfa Aesar), 
Mo foil (200 mesh, 99.9% metals basis, Alfa Aesar), and Mo2C (99.9% metals basis, Alfa 
Aesar). The standards were measured in transmission while the catalyst samples were 
placed on Kapton tape and scanned in fluorescence using a seven-element Ketek silicon 
drift detector with a total area of 560 mm2 and a resolution of ca. 135 eV.  
The low energy beamline was calibrated with the zinc sulfate white being at 
2481.44 eV. The ion chambers used air as ionizing gas, the chamber being evacuated to 
50 Torr. A single-element Ketek silicon drift detector with an active area of 150 mm2 was 
used for fluorescence signal detection. 
5.2.13 Carburization and dehydroaromatization (DHA) 
MoOxCy or Mo2C, which are the active species for DHA reaction were generated 
in-situ. For this, a procedure from the literature [38] was followed. First, Mo catalyst 
(oxidized form) was reduced under H2 at 10 K/min ramp rate from room temperature to 
650 °C. After 650 °C temperature was reached, CH4 gas was introduced into the reaction 
system for 4 h at a ratio of 1:4 (CH4:H2). This treatment led to carburization of the MoOx 
species. After 4 h, hydrogen and methane was turned off and the system was purged with 
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argon. Subsequently pure CH4 was introduced at the desired reaction temperature to 
carry out DHA reaction. All of these sequences were carried out in an Altamira AMI 200HP 
reactor system equipped with a SGE glass lined SS tube. In a typical experiment, reactor 
tube would be loaded with (0.3-1) g of carburized catalyst and small quantities of CH4 (10 
sccm) and Argon (5 sccm, internal standard) would be passed over the catalyst bed. 
Reaction products were analyzed downstream using Shimadzu GC2014 (FID, 2 TCD’s) 
equipped with Restek RT-Q-Bond column (30m × 0.53 mm × 20 μm) in conjunction with 
Shimadzu QP2010 GC-MS system. We would like to point out that we were not able to 
measure Naphthalene in our GC system. Also, estimating coke content at any point 
during reaction is a challenge. So, based on the products observed and the amount of 
methane converted, we estimated combined naphthalene and coke content at any time 
on stream. 
Following formulas were used for the activity calculation: 
% CH4 conversion = 
conc.  CH4in− conc.  CH4out
conc.  CH4in
 x 100  (5.3) 
Selectivities were calculated based on observable products and naphthalene and 
coke content was estimated based on the amount of methane converted.  
%C selectivity = 
carbon number in the product × conc.  Product
conc.  CH4 reacted
× 100 (5.4) 
5.3 Results and discussion 
5.3.1 Physico-chemical properties of the catalyst 
Physical and chemical properties of the catalysts are listed in Table 5.1. Base SZ 
catalysts in the literature are reported to have surface areas of 50-100 m2/g [39].The 
present SZ catalyst has a surface area of 84 m2/g, well within the expected value. As the 
Mo was doped onto SZ, it led to slight decrease in the surface area, as expected, due to 
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blockage of pores as expected from the loading of Mo [38, 40].  However, in the case of 
1% doping of Mo, there is no statistical difference between the BET surface areas. 
Table 5.1 shows the elemental Mo loading to be 0.84 and 3.92 wt% as compared 
to intended 1 and 5 wt% loading. We believe that it is quite possible that some of the Mo 
was lost during vacuum filtration while synthesis of the catalysts. 

















SZ 0 0 0 3.5 84 
1% Mo/SZ 1 0.84 1.6 2.99 87 
5% Mo/SZ 5 3.92 4.5 1.95 76 
 
S (sulfur) loading from ICP also is shown in Table 5.1. It shows that the base SZ 
had sulfur content of 3.5 wt%, which was reduced as Mo was doped into this catalyst. 
This decrease was proportional to the amount of Mo loaded. When 1wt% Mo was loaded, 
it decreased slightly from 3.5 to 2.99 and further to 1.95 wt% when, 5 wt% Mo was loaded. 
This is quite possible because when Mo is impregnated onto this catalyst, it interacts with 
or replaces the SO42- species on the surface. This could be seen subsequently in Raman 
spectroscopy as well. 
5.3.2 Raman spectroscopy 
Raman spectroscopy is used to detect non-IR specific bond vibrations and can be 
useful to analyze inorganic compounds which are not IR-active. Figure 5.2 shows Raman 
spectra for a sulfated zirconia as a base sample (a) and a transition of 5% Mo/SZ catalyst 




Figure 5.2 Raman spectra for samples at various treatment (a) base SZ, (b) fresh 
5%Mo/SZ, (c) carburized 5%Mo/SZ, (d) spent 5%Mo/SZ 
Common bands observed for sulfated zirconia include ~ 270 cm-1, ~ 320 cm-1, ~ 
460 cm-1, ~ 650 cm-1 and 1025 cm-1. These bands below 700 cm-1 are attributed to 
tetragonal ZrO2 vibrations [36], while the band at 1025 cm-1 is attributed to vibrations from 
sulfate groups on ZrO2 surface. When Mo was introduced into this catalyst, two distinct 
new bands appear around ~ 820 cm-1 and ~ 970 cm-1 Raman shifts (shown in the box in 
Figure 5.2). These bands are attributed to the Mo-O-Mo, and Mo=O vibrations [41] 
respectively. This confirms doping of Mo on the surface of sulfated zirconia.  
An attempt to measure the Raman spectra for spent catalyst samples, or even for 
a carburized fresh catalyst, was difficult because these samples were grey/dark, causing  
a strong absorption of the energy from the excitation source [42]. Similar difficulties were 
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also experienced by the same authors [42] in obtaining FTIR spectra for carburized MoO3 
samples. Despite of this, we made an attempt to focus on a different spot location and 
this provided meaningful spectra for these samples. Moving from (b) to (c) and to (d), i.e. 
from an oxidized catalyst to a spent catalyst, most of the bands corresponding to t-ZrO2 
show very little difference. Also, band corresponding to Mo-O-Mo vibration (~ 820 cm-1) 
appears to be normal but the band corresponding to Mo=O vibration (~ 970 cm-1) appears 
to have shifted higher (~ 995 cm-1). This shift might indicate the presence of a carbidic 
form of molybdenum [38]. In addition to these differences, there are two new bands at 
1340 cm-1 and 1600 cm-1 in the case of carburized and spent samples, which may be 
attributed to the D and G bands of graphitic carbon [43, 44]. As expected, these bands 
were intense for the spent sample than the carburized one, indicative of more carbon 
deposited on the surface. 
Another noticeable change between these samples is the loss of intensity for the 
band at ~ 1025 cm-1 corresponding to the sulfate groups, which may be due to the 
interaction between Mo and SO42- groups during the impregnation process and also 
probably due to volatility of SO42- species during the carburization and the DHA reaction 
[38].   
5.3.3 DRIFTS 
DRIFTS in conjunction with pyridine as a probe molecule was used to characterize 
the acid sites of the catalyst. Base SZ catalyst is known to have both Brønsted and Lewis 
strong acid sites [16, 17, 36]. This was confirmed by observing the shift in vibrations from 
adsorbed pyridine at ~ 1445, 1610 cm-1 (co-ordinated pyridine), and ~ 1540 cm-1, 1640 
cm-1 (protonated pyridine) that are present in all the samples [45]. Bands at ~ 1490 cm-1 
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correspond to pyridine adsorbed on both Lewis and Brønsted sites [45, 46]. A comparison 
of DRIFTS spectra for catalysts with different loadings of Mo is presented in Figure 5.3.   
 
Figure 5.3 Comparison of SZ and Mo doped SZ catalysts after pyridine desorption at 
100 °C (a) SZ, (b) 1% Mo/SZ, (c) 5% Mo/SZ, “B” = Brønsted, “L” = Lewis 
When Mo was doped in different amounts on the base SZ catalyst, the type of acid 
sites did not change. Both Brønsted and Lewis acid sites were still present and there was 
little qualitative difference in the concentration of acid sites. However, as the loading of 
the Mo increased, bands corresponding to both types of acid sites shifted slightly towards 
lower wavenumbers. This indicates a slight decrease in the strength of the acidic sites, 
possibly due to interaction of Mo oxides with the hydroxyl groups and oxygens on the 
surface of SZ [47]. Also, a qualitative slight increase in the concentration of Lewis acid 
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sites could be seen. This could have been due to generation of MoO3 species that are 
Lewis acidic in nature [47, 48].  
The thermal stability of acid sites up to 400 °C was tested [shown in Appendix D, 
D.2.2 DRIFTS]. Despite higher temperatures, all the catalysts maintained both types of 
acid sites and the pattern was quite similar for all.  
5.3.4 NH3-TPD 
Ammonia TPD of all the catalysts showed strong acid sites. TPD results for Mo-
doped catalysts followed a trend similar to that of base SZ catalyst. Several reports [36, 
37, 46] suggest that beyond 600-700 °C, sulfates on the surface start to decompose 
(considering that the calcination temperature was 550 °C). This often generates a false 
signal in the TCD, but this signal can be correctly distinguished from the ammonia signal 
using a mass spectrometer as was done in the present case. A signal corresponding to 
(m/e = 32) started to appear beyond 630 °C, confirming the decomposition of sulfate 
species [46]. 
Figure 5.4 shows a comparison of NH3-TPD curves for all four different catalysts: 
base SZ, and three Mo doped SZ catalysts (1%, and 5% doping). Sulfated zirconia 
typically has a desorption peak at around 160 °C and a long shoulder that decreases 
slowly down to ~ 550 °C. As Mo was doped in increasing concentrations onto SZ, the low-
temperature peaks (~160 °C) are essentially the same as that of SZ alone.  The shapes 
of the TPD are remarkably similar for lower Mo content, suggesting that the acidity is due 
to SZ alone.  At higher loading, shapes of the curve slightly change indicating a reduction 
in acid sites. The total acidity, as measured by TPD, also decreases with loading. There 
are several explanations: one is that the high loading may cover the catalyst surface 
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sufficiently to affect access to the acidic sites. Another is that the interaction between Mo 
and SO42-, as pointed out earlier. Finally, another could be the addition of Lewis acidic 
MoO3 species on the surface that may counteract the earlier and the net result is what 
we see (increase in acidity through Lewis acidic MoO3 and decrease in acidity due to 
possible replacement of some of the SO42- groups by Mo). 
 
Figure 5.4 NH3-TPD comparison for all the catalysts (a) SZ, (b) 1%Mo-SZ, and (c) 5%Mo-
SZ. Values next to each curve represent quantity of NH3 desorbed per gram of catalyst 
 
5.3.5 XPS 
Figure 5.5 shows Mo 3d XPS spectra for 8 different catalysts, including 5 standards 
along with 3 samples of the most active catalyst (5% Mo/SZ) after various treatments. 
The first one (a) is MoO3 standard (thermodynamically most stable oxide of Mo), which 
(a) 1.96 mmol/g 
(b) 1.90 mmol/g  
(c) 1.81 mmol/g 
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shows standard 3d spin orbit coupling of 3d5/2 (BE = 233 eV) and 3d3/2,corresponding to 
a +6 oxidation state [49].  
 
Figure 5.5 XPS comparison of Mo 3d for (a) MoO3 std.,  (b) Fresh 5%Mo/SZ (oxide form), 
(c) Carburized 5% Mo/SZ, (d) Spent 5%Mo/SZ (after reaction for 1000 min at 650 °C), (e) 




Sample (b) shows the fresh catalyst (oxidized form) without any treatment. This 
sample very closely resembles with that of (a), indicating the presence of MoO3 on the 
fresh sample.  The third sample (c) is the fresh (oxidized form) carburized for 4 h under a 
flow of CH4:H2 at a ratio of (1:4) at 650 °C after reduction under H2. This sample shows 
peaks corresponding to MoO3 and another third peak at BE ~ 229 eV. This peak likely 
corresponds to oxy-carbide phase of Mo (MoOxCy). The fourth sample (d) is the spent 
catalyst sample after running the carburized sample in the CH4 aromatization reaction at 
650 °C for 1000 min on stream. This sample also shows three peaks with two resembling 
MoO3 and the third one slightly shifted towards right (BE ~ 228.6 eV) as compared to 
carburized form. This more closely resembles the Mo2C phase. In order to verify this, 
standards directly purchased from the manufacturer were tested: β-Mo2C (e), MoO2 (f), 
MoS2 (g), Mo powder (h). Mo2C standard shows peaks corresponding to oxide phase and 
a small third peak at BE ~ 228.4 eV. MoO2 is another form of Mo oxide which clearly 
shows three peaks: two corresponding to MoO3, however, the third one corresponds to 
+4 oxidation state (3d5/2) [50]. Since the catalysts of interest here involve Mo and S and 
especially Mo ‘3d’ and S ‘2s’ regions overlap, so to remove any doubt about formation of 
MoS2 or overlapping issues, the MoS2 sample (g) was tested. It shows two large peaks 
that correspond to 3d5/2 and 3d3/2 of Mo corresponding to +4 oxidation state [51] and a 
small peak at ~226 eV, corresponding to S ‘2s’. Clearly, MoS2 contains substantial 
amount of sulfur and still S ‘2s’ peak is weak. Thus, in the samples of interest (Mo/SZ), S 
content being very small compared to the ‘S’ content from MoS2, we expect negligible 
influence due to S ‘2s’ peak and the peaks we observed correspond only to Mo 3d. Finally, 
the Mo powder standard (h) would be expected to be in reduced form, Mo (0). For this 
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standard, we saw three peaks, two corresponding to Mo (+6), one shoulder that might 
correspond to some intermediate oxide phase (+5), and a small peak at ~ 228.2 eV, which 
most likely corresponds to the reduced Mo (0) [50]. On the basis of these observations, 
the carburized sample is initially in the oxycarbide phase, then subsequently transformed 
into Mo2C under reaction conditions.  
Note that the samples were not run in-situ, so it is possible that part of the samples 
was oxidized due to exposure to room conditions, forming peaks corresponding to these 
oxidized parts of the catalyst, even in standards such as Mo2C, Mo powder, or MoO2, 
which show peaks corresponding to MoO3. 
5.3.6 XANES 
Mo K-edge (Figure 5.6) and LIII-edge XANES (D.2.5 XANES, Appendix D) spectra 
provided the evidence for the formation of Mo2C or MoOxCy phases, which are generally 
believed to be the active sites for methane conversion. Figure 5.6 shows K-edge XANES 
spectra for various Mo catalyst samples along with two reference samples of MoO3 and 
Mo2C. Spectra for MoO3, fresh catalyst (oxidized form), and carburized show a pre-edge 
feature that indicates the oxidation state of +6 and is attributable to the quadrupole/dipole 
transition from 1s to 4d orbital [33]. After the pre-edge region, the edge region indicates 
a sharp jump in the energy of absorption edge corresponding to 1s to 5p dipole transition. 
Spectra for the fresh catalyst sample resembles MoO3 closely with a similar pre-
edge feature that is commonly observed in the case of Mo/H-ZSM-5 catalysts [33, 52, 
53]. For the carburized, and the spent sample, there is a reduction in the energy of 
absorption edge, indicating the reduced state of Mo in both these samples (carburized 
and spent). This reduction in edge energy from fresh (oxidized form) to spent (after 
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reaction) was around ~ 7 eV that corresponds well with the literature [33, 52]. Mo2C 
reference and the spent catalyst sample have similar absorption edge energies.  
 
Figure 5.6 K-edge XANES spectra for catalyst samples: (a) MoO3 – std., (b) Fresh 
5%Mo/SZ (oxidized form), (c) Carburized 5%Mo/SZ, (d) Spent 5%Mo/SZ, (e) 
Mo2C-std 
 
Also, for the carburized and the spent sample, the pre-edge peak disappears. This 
disappearance is apparent as pointed out by the arrow in Figure 5.6. Since the absorption 








evidence for the existence of more oxidized species than Mo2C (Mo, +2), such as MoOxCy 
that disappear as the reaction progresses and spent catalyst closely resembles Mo2C [52, 
53].  
Figure 5.6 shows that the reference samples: MoO3 and Mo2C have stronger 
oscillations in the EXAFS region farther from the edge. However, 5% Mo/SZ samples with 
different treatments (fresh, carburization, and reaction) do not have these oscillations in 
the EXAFS region. This might be an indication that the well dispersed Mo species in the 
SZ matrix are without any long range order [33].  
5.3.7 HRTEM 
HRTEM was performed on all of the catalysts but the results for the 5% Mo/SZ are 
shown here since it has the highest activity (section 5.3.8 Reaction data). Four different 
images are shown for four different phases: SZ, 5% Mo/SZ (fresh - oxide form), 5% Mo/SZ 
(carburized form), and 5% Mo/SZ (spent form). All these images also have SADP 
(selected area diffraction pattern) images in the inset. 
There are two phases of ZrO2 in XRD (D.2.4 XRD, Appendix D), monoclinic (m) 
and tetragonal (t), and tetragonal being the primary phase. In HRTEM analysis, primarily 
monoclinic (m-ZrO2) planes (111) were observed with few t-ZrO2 (011). Figure 5.7 shows 
an image for the base SZ. Planes corresponding to m-ZrO2 and t-ZrO2 are seen. 
However, a bulk analysis of the sample shows rings corresponding to t-ZrO2 (011, 002, 
020, 121, etc.) as shown in the inset of Figure 5.7. This illustrates the SADP for a zoomed-
out sample. This confirms the observations from XRD (D.2.4 XRD, Appendix D) that the 




Figure 5.7 HRTEM for base sulfated zirconia (SZ) 
When Mo was impregnated on SZ, new planes appear, corresponding to MoO3 
species, as seen in Figure 5.8. Further, Mo appears finely dispersed in the SZ matrix [54, 
55] as seen in Figure 5.8.  Tetragonal zirconia (t-ZrO2) was also detected that often is the 
crystalline part of sulfated zirconia as detected in XRD [36]. 
For the carburized catalyst, in addition to ZrO2 planes, other planes were observed. 
Some of these planes correspond to MoO3. There are also planes that correspond to 
Mo2C and there are some that do not belong to either MoO3 or Mo2C, along with ZrO2. 
This could be due to the formation of an intermediate phase of MoOxCy [56, 57]. Formation 
of Mo2C was also confirmed using HRTEM of carburized sample of 5% Mo loaded on SZ 
catalyst, as observed in Figure 5.9. A small portion on the carburized sample showed d 
spacing corresponding to (111, 201) plane of Mo2C. When this carburized sample is run 




Figure 5.8 HRTEM for fresh 5% Mo/SZ catalyst 
Figure 5.10 shows HRTEM of a spent 5% Mo/SZ catalyst sample. Greater 
amounts of carbon were observed, and this carbon can be divided into two types: graphitic 
(primarily around the edges) and amorphous (over the entire sample). There are also 2-
3 nm particles around the edges, which most likely correspond to Mo2C nanoparticles 
[54]. Surrounding these particles, there are few layers of graphitic carbon. Similar results 
can be observed in the literature [54, 55, 58, 59], which confirmed the presence of Mo2C 
in H-ZSM-5.  
These results show that Mo is finely dispersed in SZ matrix and it also shows the 
state of Molybdenum through different phases of reaction and treatments: Fresh  
Carburized  Spent. TEM analysis confirmed the conclusions drawn from other 




Figure 5.9 HRTEM for carburized 5%Mo/SZ catalyst 
 
 
Figure 5.10 HRTEM for spent 5% Mo/SZ catalyst 
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form and finally into the carbidic form. TEM also supported the observations from XRD 
(D.2.4 XRD, Appendix D) about the bulk phases of the sample. 
5.3.8 Reaction data 
5.3.8.1 Effect of Mo content 
Results of reaction runs from the Mo-doped SZ catalysts varied considerably 
(Figure 5.11 and Figure 5.12) albeit majority of the runs had naphthalene and coke as 
primary products. Among other products included ethylene, ethane, propylene, propane, 
and aromatics including benzene, toluene and xylenes along with hydrogen.  
 
Figure 5.11 Reaction data for methane DHA over 1% Mo/SZ catalyst (650 °C, 1 atm, 
0.6 L gcat-1 h-1) 
 
There are several general trends of conversion and selectivity as a function of Mo 
loading and time. First, methane conversion decreases with time at all Mo loadings. This 
can be attributed to coke formation, which likely forms almost initially and accumulates 
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with time-on-stream.  Second, selectivity to aromatics is generally ~ 10-15 % initially, but 
decreases rapidly with time. These compounds are believed to be the precursors for 
polynuclear aromatic compounds, which comprise coke. 
The rate at which methane conversion decreased varied slightly from catalyst to 
catalyst, depending on Mo loading. The 1% Mo/SZ showed a rapid drop in conversion of 
methane as compared to 5% Mo/SZ. For the 1% Mo/SZ catalyst, the conversion dropped 
from ~ 14 to ~ 5% in 16 hours. However, 5% Mo loaded catalyst showed more gradual 
decrease in the conversion of methane, from ~ 20 to 6.5%.       
 
 
Figure 5.12 Reaction data for methane DHA over over 5% Mo/SZ catalyst (650 °C, 1 
atm, 600 ml/gcat-h) 
 
For the 5% Mo/SZ catalyst, even the selectivity to non-coke products for this 
catalyst did not show a rapid drop as compared to the 1% Mo/SZ. Overall, 5% Mo loaded 
catalyst showed higher overall conversion compared to the other catalyst.        
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Ethylene selectivity is a clear anomaly.  For both catalysts, ethylene selectivity 
generally increased with time up to ~ 10-12%. For the 1% Mo/SZ catalyst, ethylene 
selectivity does not significantly decrease with time after 600-700 min, even when 
methane conversion decreases. For the 5% Mo/SZ catalyst, there is some decrease in 
ethylene selectivity after 600-700 min.  It is clear that the dimerization of methane is a 
primary product of methane conversion on both catalysts, and subsequent conversion to 
measurable products is relatively less selective. This supports the general observation 
that active Mo sites are responsible for the production of C2 dimers. Higher loadings of 
Mo contain more active sites, but these sites are of comparable selectivity.  
Over time, coke deposition starts to block the BAS, decreasing the rate of 
formation of aromatics and blocking access to the Mo active sites, though selectivity to 
ethylene is relatively steady beyond ~700 min on stream.  These results indicate that the 
coke deactivates BAS first and subsequently deactivates Mo active sites. Similar results 
have been observed in the literature [60]  in which it was found that the rate of formation 
of C2-C3 hydrocarbons increased with decreasing benzene and naphthalene selectivity 
rates. The large amount of naphthalene and coke is likely due to high rates of cyclization 
and dimerization of olefinic C2 intermediates over strong acid sites from sulfated zirconia.  
Selectivity to higher aromatics such as ethylbenzene or xylenes (o, m, p) increased 
over time (not shown) but was negligible. During an initial period of several hours, there 
was no measurable formation of these compounds. Only benzene and toluene could be 
observed during these initial hours. As the methane conversion decreased, the formation 
of these higher aromatics increased. This trend was true for both the catalysts.  
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Coke deposition is the most probable reason for deactivation of these catalysts, 
although loss of SO42- groups (SI, 5.6.3.1) from the surface of sulfated zirconia at high 
temperatures could also be responsible for deactivation [46].  This loss could not be ruled 
out because during NH3-TPD, starting at around 620 °C, the oxygen signal (m/z = 32) 
was detected, indicative of an oxide compound decomposition. ZrO2 being very stable 
compound (m.p. = 2715 °C), it is unlikely that Zr-O bonds would break down. Neither 
would any molybdenum oxide-based compound because MoO3 sublimes at ~ 1150 °C. 
The only remaining source of oxygen then could be from SO42- groups, which are co-
ordinated on the surface of ZrO2. Similar decomposition of sulfated ZrO2 has been 
observed in the literature [61], indicating that O2 from the ZrO2 structure is highly unlikely, 
so the oxygen from SO4-2 could be responsible for that signal. 
5.3.8.2 Effect of temperature 
Since 5% Mo doped SZ activity/selectivity was representative of the other 
catalysts, the effect of reaction temperature was studied using this catalyst. Methane DHA 
has been typically studied in the temperature range of around 700 °C [27]. Sulfated 
zirconia is not stable beyond 700 °C, and starts to decompose at ~ 620 °C [62]. Thus, the 
effect of temperature on 5% Mo doped SZ was studied at 600, 650, and 700 °C, spanning 
this temperature range of interest here.  
Table 5.2 shows that methane conversion increased with temperature, reaching ~ 
20 % at 700 °C. The aliphatic and aromatic selectivities show no clear trend with 
temperature. The results in Figure 5.13 and Figure 5.14 are the net result of competing 
rates of reaction, deactivation, and the rate of sulfate decomposition from surface. The 
reaction rate increases with temperature while deactivation due to sulfate decomposition 
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is more rapid as well. This has been observed on Mo/H-ZSM-5 catalysts as well [27, 63], 
in which higher temperatures led to higher activity but faster deactivation because rate of 
naphthalene and coke formation also increases.  This is apparent for Mo/SZ catalysts as 
seen in Table 5.2 as well.  
Table 5.2 Effect of temperature on CH4 DHA over 5% Mo/SZ catalyst  















600 5.43 16.0 16.3 67.6 
650 17.0 14.0 9.4 76.6 
700 20.2 11.0 10.7 78.2 
 
Figure 5.13 shows that ethylene increases monotonically with time, reaching ~8-
9 % selectivity at higher temperatures, then decreases.  Selectivity goes through a 
 
Figure 5.13 Effect of temperature on ethylene selectivity over 5% Mo/SZ catalyst (0.6 L 
gcat-1 h-1, 1 atm) 
129 
 
maximum. In the case of higher temperatures, selectivity drops quickly. Activity decreases 
more rapidly at higher temperatures. This might be due to a faster rate of deactivation at 
higher temperatures. Except for lower temperature of 600 °C, selectivity continues to 
increase with time on stream.  
Benzene selectivity also goes through a maximum and then decreases constantly 
with time at each temperature (Figure 5.14).  
 
Figure 5.14 Effect of temperature on benzene selectivity over 5%Mo/SZ catalyst (1 atm, 
0.6 L gcat-1 h-1) 
 
A rise in ethylene selectivity and a drop in benzene selectivity suggests that the 
sites for conversion of the dimers to benzene are deactivated by coke deposition with 
time, and this trend is seen at all three temperatures tested here. But this does not mean 
that there is no deposition of coke on methane activation sites. Note that methane 
conversion is decreasing as well, so that the yield of ethylene is decreasing despite the 
fact that the selectivity is increasing. This indicates that coke is deposited on Mo sites as 
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well, as shown by HRTEM that graphitic carbon layers around Mo particles (see Figure 
5.10).  
The main difference for the lower benzene selectivity at 650 °C and 700 °C, as 
compared to 600 °C, might be due to loss of BAS through loss of volatile SO42-. Similar 
conclusions can also be drawn from TPO (Figure D.11, Appendix D) ran for these three 
spent catalyst samples. Catalyst ran at 700 °C showed highest amount of coke deposited 
only to be followed by catalyst ran at 650 °C and the least amount of coke was observed 
on the catalyst ran at 600 °C. 
5.3.8.3 Effect of space velocity 
Figure 5.15, Figure 5.16, and Figure 5.17 show that higher space velocities over 
5% Mo/SZ lead to both lower CH4 conversion (Figure 5.15), and to lower benzene 
selectivity (Figure 5.17). This is expected because often this reaction is not considered 
as mass transfer limited [63]. Figure 5.16 shows that ethylene selectivity initially increases 
slowly, corresponding to high initial benzene production (Figure 5.17). However, this 
changes very quickly with time-on-stream as ethylene selectivity goes through a 
maximum whereas, benzene selectivity decreases rapidly. This can be attributed to coke 
formation, which blocks BAS and limiting the aromatization of ethylene.  
Ethylene selectivity reaches a similar steady state in all three SVs (Figure 5.16), 
but the maximum is reached at earlier times-on-stream as the space velocity is increased. 
The maxima in ethylene selectivity represents the result of two rates: ethylene formation 
from methane, and ethylene reaction leading to benzene. With time, benzene selectivities 
decrease to near-zero values, while ethylene selectivities reach a steady state. This 
means that although very little benzene is formed after ~1000 min, active sites capable 
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of reacting ethylene to products reach a quasi-steady state at the same SVs, at least at 
the times investigated here. 
 
Figure 5.15 Effect of space velocity on CH4 conversion over 5% Mo/SZ catalyst (650 °C, 
1 atm). Space velocity (SV) has units of L gcat-1 h-1 
 
Figure 5.16 Effect of space velocity on ethylene selectivity over 5% Mo/SZ catalyst (650 
°C, 1 atm). SV has units of L gcat-1 h-1 
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Coking leads to blockage of BAS that in turn affects the production of benzene. Mo 
sites are also blocked but possibly at a slower rate than BAS. Thus, selectivity to ethylene 
reaches a steady state value although the methane conversion is still decreasing. 
TPO (Figure D.12, Appendix D) results on the spent catalysts showed that the 
greatest coke deposition was observed on the lowest space velocity of 0.6 Lgcat-1h-1, 
while the lowest coke deposition was found on the catalyst ran at highest space velocity 
of 1.8 Lgcat-1h-1. This was surprising because the rate of decay in benzene formation 
(Figure 5.17) and time to reach maximum ethylene selectivity (Figure 5.16) was faster in 
the case of higher space velocity, whereas the amounts of coke at those space velocities 
were lower. This can be attributed to the preferential nature of coke formation near outer 
surface of catalyst particles [63, 64].  
 
Figure 5.17 Effect of space velocity on benzene selectivity over 5% Mo/SZ catalyst (650 
°C, 1 atm). SV has units of L gcat-1 h-1 
Additionally, in these types of reactions benzene production is often associated 
with H2 generated in this reaction. Thus, in the case of lower space velocity, more H2 is 
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generated than at higher space velocity. This additional hydrogen might be the answer to 
the disparity between amount of coke and corresponding activity for Mo/SZ catalysts 
similar to Mo/H-ZSM-5 [53, 64-66]. 
5.3.6.4 Comparison with literature 
A comparison of Mo/SZ with Mo supported on different supports from the literature 
is shown in Table 5.3.  This shows that benzene yield on Mo/SZ at 650 °C is comparable 
to Mo/H-ZSM-5 at 675 °C. At 700 °C, benzene and the overall aromatics yield for Mo/H-
ZSM-5 are far greater compared to Mo/SZ. Compared to other acidic supports such as 
H-Mordenite or H-SSZ-13 that possess strong acidity, sulfated zirconia shows greater 
benzene yields (Table 5.3). Although, this is not a direct comparison because 
physical/chemical factors such as pretreatment, space velocity, Mo content can contribute 
to this difference. For example, the sulfate may not be stable at temperatures 700 °C, and 
the lack of shape selectivity [34] in sulfated zirconia, may affect the comparison of Mo/SZ 
and the literature.  














Mo/H-ZSM-5 6 675 1.5 3 [63] 
Mo/H-ZSM-5 6 700 1.5 6 [63] 
Mo/H-ZSM-5 5 700 1.5 6 [60] 
Mo/H-ZSM-5 5 700 0.8a 11 [31] 
Mo/H-Mordenite 5 700 2.0a 0.5 [34] 
Mo/H-SSZ-13 5 700 2.0a negligible [34] 
Mo/SZ 5 650 1.2 1.8 Current work 
Mo/SZ 5 700 0.6 3 Current work 
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Although Mo/SZ has no shape selectivity, the strong acidity in SZ is sufficient to 
catalyze the aromatization reaction. The literature shows that benzene selectivities on 
Mo/H-ZSM-5 are 50-90% and thus, is more active for aromatization of methane to 
benzene than Mo/SZ. Mo/SZ is more selective for non-oxidative conversion of methane 
to heavier aromatics such as naphthalene and coke. 
5.3.7 Temperature programmed oxidation (TPO) 
Figure 5.18 shows TPO results for 1 % and 5 % Mo/SZ catalysts.  
 
Figure 5.18 TPO profiles for the two spent catalysts (after DHA reaction for 16 h at 650 
°C, 0.6 L gcat-1h-1, 1 atm) 
 
There are distinct differences among the two spent catalysts, as expected due to 
different activities of methane DHA. Based on the TPO peak temperatures, the coke on 
both catalysts can be described as either amorphous or soft coke, corresponding to peak 
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temperatures of  ~ 400 °C [67] or polymeric, and hard coke corresponding to peak 
temperatures of ~ 500-600 °C [68]. This hard coke is often associated with deactivation 
of strong BAS.  The TPO results for the 1% and 5% Mo/SZ catalysts showed similar 
pattern of peak TPO positions. 
For 1% Mo/SZ, there is one large peak at ~ 590 °C while one at ~510 °C for 5% 
Mo/SZ. Both can be attributed to polymeric coke. This shift in peak positions is attributable 
to the amount of acidity of the catalyst (NH3-TPD results). More acidity might correspond 
to higher peak oxidation temperature [68]. For 1% Mo/SZ, an identifiable small peak can 
be seen at ~ 440 °C, which can be designated as amorphous coke [67]. Another small 
peak at ~ 685 °C for the 5% Mo/SZ can be designated as graphitic coke. Overall, 5% 
Mo/SZ catalyst that showed greater activity in DHA but also greater amounts of coke 
(Table 5.4).  
Table 5.4 Quantification of coke using TPO (after ~ 16 h on stream) 
 
Catalyst 
Amount of coke deposited 
(mmol/gcat) 
1% Mo/SZ 5.80 
5% Mo/SZ 10.5 
 
5.4 Conclusions 
Supported Mo/SZ catalyst is active for the DHA reaction. SEM-EDS and ICP-OES 
confirmed the actual loading of 1%, and 5% Mo on SZ. Pyridine-based DRIFTS and NH3-
TPD analysis shows that both Brønsted and Lewis sites are present on these catalysts. 
Further analysis confirmed that Mo loading did not significantly affect acidity.  At the higher 
5% Mo loading, more Lewis acid sites were observed than SZ, however BAS were 
weakened by the addition of Mo, possibly due to interaction between sulfate and Mo. 
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Higher loadings of Mo resulted in lower total acidity. The presence of the apparent active 
sites, MoOxCy were confirmed through XANES, XPS, and HRTEM. Mo loading strongly 
influenced the dispersion and number of available sites for methane activation. It appears 
that the loss of sulfate content and significant coking leads to deactivation of the catalysts. 
A literature comparison of benzene selectivities shows that Mo/H-ZSM-5 is far more 
active than Mo/SZ. Mo/SZ was found to be more selective for non-oxidative conversion 
of methane to heavier aromatics such as naphthalene and coke. 
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Chapter 6 . Future Work 
Research is an ever learning, adapting and evolving process. Following are some 
ideas that could be explored in the future as a continuation of the work presented here. 
6.1 Continuation of superacid work 
 Zeolites range widely and extensively and among them, hundreds of different types 
of zeolites exist. The superacid work presented in this thesis was based upon supporting 
AlBr3 on H-ZSM-5. On similar lines, the following work could be assessed for its feasibility: 
 Supporting AlBr3 on other zeolites such as H-Mordenite (highest acidity among 
zeolites), H-SSZ-13 (used in MTO reaction), H-Beta. 
 Gas phase superacid catalysis: Flowing a mixture of HBr, AlBr3, and CH4 over a 
zeolite (H-ZSM-5/H-MOR) and checking what reaction products could be obtained. 
 Development of high temperature superacids: Ceramic Acids, Heteropoly Acids 
(Keggin type) – Controlling coke formation in these structures would be important. 
6.2 Continuation of Mo/SZ work 
 Many other metals can be supported on SZ (sulfated zirconia) and this catalyst 
can find applications in other reactions such as light alkane aromatization. 
 Supporting Zn on SZ and evaluating this catalyst for ethane aromatization. 
 Supporting Ga on SZ and evaluating this catalyst for propane aromatization. 
 Evaluating the effect of promoters such as Pt, Pd, Cr on these metals in reactions 
aforementioned. 
 Stabilization of sulfate on SZ surface, and introducing mesoporosity in the SZ 
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Appendix C. Supplemental information for chapter 4 
C.1 Materials and methods 
A schematic for a reaction system is shown in Figure C.1. 
 
Figure C.1 Schematic for CH4 reaction system 
From the NH3-TPD calculations (Table 4.3, chapter 4) and the calculations for gain 
in weight after grafting, it was observed that roughly 80 % of the Al sites formed through 
grafting were active for NH3 adsorption and thus were used in the TOF calculation (shown 
below). Another assumption that was made was the species on the surface of H-ZSM-5 
are –AlBr2 with one Br losing through the reaction with hydroxyl group as shown below: 
AlBr3 + -OH  -O-AlBr2 + HBr      (C.1) 
An example calculation is as shown below: 
Weight of H-ZSM-5 (before grafting) = 1.40 g,  
Weight of ABZ-5 (AlBr3 grafted H-ZSM-5) = 1.53 g.  
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Difference in weight = 0.13 g 
Molecular weight of –AlBr2 = 189 g/mol  moles of AlBr2 grafted = 0.13 g/189 
g.mol-1 = 0.000688 mol AlBr2 
Moles of Al = 0.000688 mol/1.53 gcat = 0.000449 mol.gcat-1 
Difference in acidity from NH3-TPD = 1556 μmol.gcat-1 – 1190 μmol.gcat-1 = 366 
μmol.gcat-1 
So 0.000449 mol Al adsorbed 366 μmol NH3  1 mol Al adsorbed ~ 0.82 mol of 
NH3 
This calculation was used in calculating TOF and thus 80% of Al sites were assumed to 
be active. 
C.2 Results and discussion 
The grafting of AlBr3 on H-ZSM-5 was confirmed by several means: (a) gain in 
weight of the zeolite after grafting, (b) the apparent color change from white to skin (also 
confirmed using UV-Vis), (c) capturing the HBr gas generated during grafting in deionized 
water and checking for the change in pH before and after grafting. In the (c) test, the water 
pH became acidic side and the specific gravity of the water increased, consistent with the 
capture of HBr. Finally, a silver nitrate (AgNO3) test was also carried out on the water 
sample on the captured HBr. The test was positive, indicating that bromine was captured. 
Collectively, these tests confirm the reaction between AlBr3 and surface hydroxyls of H-
ZSM-5, forming the grafted AlBrx/H-ZSM-5 complex.   
It was also attempted to characterize the grafting using FTIR, Raman 
spectroscopy. However, analytical capabilities of FTIR limited the inorganic bonds with 
vibrations in the far-IR region that are not within the standard range available on all IR 
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spectrometers. With the Raman, excessive fluorescence from sample prevented from 
obtaining any meaningful spectra of these catalysts. 
There were other limitations in using X-ray edge techniques. For example, 
overlapping of ‘Br’ L edge peaks with ‘Al’ K edge peaks that prevented quantification of 
the elements using EDX (Energy Dispersive X-ray) spectroscopic technique. Further, 27Al 
MAS NMR could not distinguish between the Al from the H-ZSM-5 framework and the Al 
from AlBr3 grafting, because the contribution from Al in H-ZSM-5 was too large. 
Hammett indicators are often employed to measure the superacidity of solid 
catalysts. However, the Hammett indicator technique is typically based on a color change 
from basic to acidic upon addition of the solid catalyst in the indicator solution. This 
technique works well with the white powders that do not change the color of the indicator 
solution on its own[1]. However, in the present case, the catalysts were already colored 
so the Hammett indicator technique could not be employed for assessing the 
acidity/superacidity of the present catalysts. 
Another test of superacidity of catalysts acidity in the literature is the isomerization 
of butane to isobutane at room temperature [2]. However, in the case of H-ZSM-5, butane 
appears to be trapped inside the zeolite pores at low concentrations at temperatures < 
100 °C. Only if the catalyst is heated to temperatures > 100 °C, butane appears to be 
desorbed and could be analyzed using FID. However, carrying out the reaction of butane 
to isobutane at elevated temperature is often claimed not to be a true measure of 
superacidity [2, 3]. 
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C.2.1 Catalyst preparation 
Table C.1 describes the physico-chemical properties of the main catalyst of 
interest here. Base H-ZSM-5 had a measured surface area of 435 m2/g that decreased 
to 380 m2/g after the AlBr3 grafting (ABZ-5). This indicates that AlBr3 was grafted on to H-
ZSM-5. Spent ABZ-5 after the reaction at 300 oC had a surface area of 422 m2/g that 
shows a slight drop from the H-ZSM-5 but a higher surface area than ABZ-5. This could 
have been due to two opposite mechanisms: bromine loss would result in increase in 
surface area than ABZ-5, while deposition of coke that would decrease the surface by 
blocking the pores.  If so, the net effect is a slight decrease of surface area compared to 
the H-ZSM-5. 












Br content through 
AgNO3 test (wt%) 
H-ZSM-5 435 1.15 - - 
Fresh ABZ-5 380 0.98 0.06 2.29 
Spent ABZ-5* 422 0.94 0.04 1.43 
* Spent Catalyst – ABZ-5 recovered after CH4 oligomerization at 300 oC, 1 atm, 9 L 
gcat-1hr-1 for 16 hrs 
 
C.2.2 Thermodynamics 
In the case of halide-based catalysts, often the possibility of formation of methyl 
halide (CH3X) is considered. However, based on the thermodynamic calculations (using 
HSC Chemistry 8.6) under the presence of AlBrx species, the thermodynamic extent of 
CH3Br formation from CH4 is negligible. Typically formation of these species (CH3Br) 
requires the presence of a stronger oxidant such as Br2 that are able to generate 




Figure C.2 Thermodynamic CH4 conversion against temperature (a) with coke formation 
allowed, (b) without coke formation allowed (calculated using HSC Chemistry 8.6) 
 




CH4 conversion (%) 
w/o coke w/coke 
25 0 0.002 
100 0.002 0.04 
200 0.023 0.577 
300 0.118 3.463 
400 0.558 12.57 
 
Methane conversions at the temperatures of interest here, range from 0.5 – 12 % 
(Table C.2) depending on whether coke formation is allowed/not allowed. Figure C.2 
shows a comparison of CH4 conversion at various temperatures from 25 oC to 1000 oC 




Figure C.3 shows a comparison between H-ZSM-5 sample, fresh AlBr3 grafted H-
ZSM-5 (ABZ-5) sample, and spent ABZ-5 sample. All three spectra show the 
characteristic peaks of H-ZSM-5. When compared based H-ZSM-5 (a) and fresh ABZ-5 
(b), XRD shows no extra features arising from the grafting of AlBr3.  
 
Figure C.3 XRD comparison of (a) H-ZSM-5, (b) Fresh ABZ-5, (c) Spent ABZ-5 
 
This indicates that AlBrx species are well dispersed and no long-range order exists. 
Further no measurable difference between fresh and spent catalyst (b, c; respectively) 
could be seen indicating no structural change in the base zeolite H-ZSM-5 during the 
reaction, as expected due to low reaction temperatures (200- 400 oC) of interest here. 
C.2.4 DRIFTS 
It is known that three type of hydroxyls [5] are present on H-ZSM-5: one that is 
attached to both Al, Si (Al-OH-Si), one being attached only to Si- commonly known as 
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silanols (Si-OH), and the third one being non-framework hydroxyls. Al-OH-Si hydroxyl 
groups are the acidic ones having IR vibration band ~ 3610 cm-1, silanols are the terminal 
–OH groups with IR vibration ~ 3740 cm-1, while the non-framework hydroxyls show 
bands around 3670 – 3690 cm-1. Figure C.4 shows the IR spectrum for H-ZSM-5 and 
ABZ-5 catalyst in the –OH group region from 3600-3700 cm-1. It can be observed for both 
H-ZSM-5 and ABZ-5, that there exist three IR bands in the –OH region (3580 cm-1, 3650 
cm-1, 3740 cm-1) that can be attributed to acidic hydroxyl, non-framework hydroxyls, and 
silanols. When AlBr3 was grafted on the H-ZSM-5, we observed a decrease in the 
intensity of the band around 3740 cm-1 corresponding to the silanol group. This is 
consistent with the hypothesis that Br atoms from AlBr3 react with –OH groups on the 
surface of H-ZSM-5. Similar decrease in the intensity of peaks corresponding to silanol 
has been observed when AlCl3 was grafted on siliceous MCM-41 [6]. This decrease in 
the intensity is most likely due to occurrence of the following reaction: 
AlBr3 + -OH  -O-AlBr2 + HBr 
Thermal stability of the acid sites on the most active catalyst, ABZ-5 was also 
tested using pyridine-DRIFTS. Spectra for ABZ-5 catalyst after pyridine desorption at 
temperatures up to 400 °C are shown in Figure C.5. Both Lewis and Brønsted acid sites 
are present on this catalyst at room temperature.  
As the temperature is increased, as expected, bands corresponding to hydrogen 
bound pyridine start decreasing, as do the bands corresponding to the Lewis acid site. 





Figure C.4 IR spectra for hydroxyl group region for H-ZSM-5 (dotted) and ABZ-5 





Figure C.5 DRIFTS spectra for ABZ-5 catalyst after pyridine desorption at (a) 25 oC, (b) 
100 oC, (c) 200 oC, (d) 300 oC, (e) 400 oC 
 
 
Figure C.6 DRIFTS spectra for SZ catalysts after pyridine desorption at (a) 25 oC, (b) 100 
oC, (c) 200 oC, (d) 300 oC, (e) 400 oC 
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Figure C.6 and Figure C.7 also show stable acid sites of both type (L and B) up to 
high temperatures ~ 400 °C for catalysts: Sulfated Zirconia as well as base H-ZSM-5 
respectively. Although strength of the acid sites must be stronger in the case ABZ-5 
compared to these two catalysts. 
 
Figure C.7 DRIFTS spectra for H-ZSM-5 catalysts after pyridine desorption at (a) 25 oC, 
(b) 100 oC, (c) 200 oC, (d) 300 oC, (e) 400 oC 
 
A comparison at 300 oC for H-ZSM-5 versus ABZ-5 (Figure 4.2[a], chapter 4) 
shows that both the spectra are very similar, except for a small shoulder at 1540 cm-1 that 
is present in the case of ABZ-5 and not in H-ZSM-5. We believe that this could have been 
due to grafting of AlBr3 on H-ZSM-5 creating a new Brønsted acid site. It is known that 
DRIFTS is not a quantitative technique [7] and often transmission is the most commonly 
used technique for quantification. We thus did not attempt to quantify acid sites based on 
these results. However, based on just the area under curve (Table C.3), that more pyridine 
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adsorbed on the fresh ABZ-5 catalyst than H-ZSM-5, supporting the hypothesis that there 
are more acid sites on fresh ABZ-5 than base H-ZSM-5. 
Table C.3 Area under the curve for pyridine DRIFTS 
Catalyst 











H-ZSM-5 - 3.07 4.53 2.57 3.23 
Fresh ABZ-5 - 3.69 5.63 3.06 4.03 
Spent ABZ-5 - 1.17 1.37 - 0.50 
 
When spent ABZ-5 was also tested using pyridine DRIFTS, area under the curve 
was clearly very less, indicating less access to the acid sites possibly due to blocking of 
the pores by coke formation and due to loss of ‘Br’. 
C.2.5 Reaction runs 
To avoid the ambiguity of whether the activity originated from H-ZSM-5 or purely 
due to AlBr3 doping, H-ZSM-5 was subjected to further analysis. At 300 °C, no significant 
hydrocarbon peaks were observed for H-ZSM-5, indicating no activity. However, when 
the same H-ZSM-5 is tested at 400 °C, low levels of oligomerization products are 
detected, as shown in Table C.4, but the concentration is much lower compared to those 
formed on the ABZ-5 catalyst. Additionally, after 2 h on-stream, only trace amounts of C2 
– C5 hydrocarbons were detected.  
To calculate the TOF in these (and subsequent) runs, both the methane 
conversion rate and a valid value for the number of superacid sites are needed. In the 
experiments discussed here, the conversion of methane is measured by the difference 
between the inlet concentration (5% from a high-purity tank) and the outlet concentration, 
both measured using a GC/MSD (4.2.8 Reaction studies, chapter 4).   
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Table C.4 Time on stream (TOS) of CH4 oligomerization on H-ZSM-5 at 400 oC, 9 L 





Product selectivity (%) 
C2= C3 C4 C5 B T EB X (o,m,p) 
1 0.002 49.0 - - - 11.2 31.9 - 7.9 
2 - 99.9 - - - - - - - 
3 - 99.9 - - - - - - - 
Blank - - - - - - - - - 
 
Detection limits for the hydrocarbon analytes of interest here are 0.1 ppm in these 
experiments, which makes it difficult to accurately estimate the methane conversion 
values (e.g. 5 % vs. 4.99 %), considering the uncertainties associated with even slight 
fluctuations in flow controllers, catalyst weights, temperature of the reaction. In addition, 
the superacid sites may differ at different temperatures. Thus, here in the present results, 
we do not report methane conversion values. This, and because methane conversions 
are typically closer to 1%, a single value for the TOF at all reaction conditions is not 
possible, even if reaction conditions change slightly.  We find that in the literature of 
superacid methane oligomerization, TOF is often not reported, presumably due to the 
uncertainties associated with these experiments. 
In terms of detecting hydrogen, TCD is most often used. However, detecting low 
concentrations of hydrogen is extremely difficult as TCD relies heavily on the difference 
in thermal conductivities, which should be large for a detectable signal. In the present 
case, the differences between the inlet and outlet concentration would be ~ 50 – 100 ppm, 
which was clearly far below the detection limits on the analytical instruments used here, 
and thus although hydrogen is produced, it could not be quantified.  
Attempts for direct conversion of methane have been reported in the literature over 
to over solid superacids, in particular using sulfated zirconia catalysts. Rezgui et al. [8], 
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Hua et al. [9], Martin and Schmal [10] observed primarily C2 hydrocarbons (mostly 
ethane).  Hydrogen was observed, indicating an oligocondensation mechanism similar to 
the one proposed by Olah for liquid superacids [11], although others did not report any 
hydrogen, possibly due to scavenging of oxygen by the dihydrogen [12] or due to 
incorporation into the carbonaceous deposits [8].  
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Appendix D. Supplemental information for chapter 5 
D.1 Thermodynamics 
Thermodynamics for methane dehydroaromatization is quite complex and can 
involve lot of possibilities. Often, the question comes whether the formation of coke should 
be included or not in the thermodynamic calculations because the conversion values, 
selectivity, and all other parameters change considerably. Coke is one of the most stable 
entity in the overall system so given chance, all methane can get converted into is coke 
and H2 unless some kinetic limitations drive the selectivity to value added products such 
as aromatics, low C hydrocarbons through catalysis. For the purpose of thermodynamic 
calculations, commercial software HSC Chemistry 8.1 is used. Figure D.1 shows CH4 
conversion values for the DHA reaction with and without the formation of coke and the 
conversion values differ considerably.  
When coke formation is allowed, following reaction was used for the calculation: 
𝐶𝐻4 → 𝐶𝑥𝐻𝑦(𝑥 = 1 − 8) + 𝐶10𝐻8 + 𝐶14𝐻10 + 𝐶(𝑠) + 𝐻2    (D.1) 
When coke formation is not allowed, following reaction equation was used 
𝐶𝐻4 → 𝐶𝑥𝐻𝑦(𝑥 = 1 − 8) + 𝐶10𝐻8 + 𝐶14𝐻10 + 𝐻2      (D.2) 
When coke formation is allowed, methane conversion gets meaningful numbers 
beyond 200 oC, however, when coke formation is not allowed, methane conversion gets 
meaningful numbers beyond 400 oC. For the temperatures of interest in the current study 
(600 – 700 oC), conversions without coke, range from (6% - 13%), whereas with coke, 





Figure D.1 Thermodynamic CH4 conversion for dehydroaromatization (Press. = 1 bar) 
(a) with coke, (b) without coke. (Calculated using HSC Chemistry 8.1) 
 
D.2 Characterizations 
D.2.1 Raman spectroscopy 
Raman spectra for base sulfated zirconia (SZ) and 2 other fresh catalysts (oxidized 
form) is shown in Figure D.2. This spectroscopy was carried out only to confirm loading 
of Mo on the sulfated zirconia and to see if this leads to any changes in the type and 
concentration of surface species.When Mo was loaded onto base SZ, two key changes 
could be observed. One was the reduction in the intensity of the peak corresponding to 
sulfate (S=O) vibrations (~ 1025 cm-1), and the other one being formation of Mo-O-Mo (~ 
830 cm-1) and Mo=O species (~ 970 cm-1) [1]. At all the loadings of Mo, similar two types 
of species were observed. Other vibrations below 800 cm-1 Raman shift, correspond 




Figure D.2 Raman spectra for different catalysts (a) sulfated zirconia (SZ), (b) 
1%Mo/SZ, (c) 5%Mo/SZ 
 
D.2.2 DRIFTS 
Figure D.3, Figure D.4, and Figure D.5 show DRIFTS spectra for 3 different 





Figure D.3 DRIFTS spectra for 1%Mo/SZ after pyridine desorption at various 
temperatures: a) 25 oC, (b) 100 oC, (c) 200 oC, (d) 300 oC, (e) 400 oC 
 
Figure D.4 DRIFTS spectra for 5%Mo/SZ after desorption at various temperatures: (a) 




Figure D.5 DRIFTS spectra for sulfated zirconia (SZ) after pyridine desorption at various 
temperatures: (a) 25 oC, (b) 100 oC, (c) 200 oC, (d) 300 oC, (e) 400 oC 
All the catalysts showed similar type of acid sites and of both types: Lewis (~1450 
cm-1, 1620 cm-1) and Brønsted (~1540 cm-1, 1640 cm-1) and acid sites at 1490 cm-1 
correspond to Lewis + Brønsted type [3]. All the catalysts showed stable acid sites even 
when the temperatures for desorption were raised to 400 oC. It is expected that the 
Brønsted acid sites must be stable even at reaction temperatures (600 – 700 oC) although 
this stability was not tested in-situ due to DRIFTS cell limitations.                   
D.2.3 SEM 
SEM images of some of the catalysts tested are shown in Figure D.6. When a SZ 
catalyst is doped with Molybdenum, we could see formation of some rod like structures 
(Figure D.6-b) that most probably correspond to the formation of molybdenum oxides. 
Carburized samples and spent catalyst samples show structures similar to sulfated 
zirconia (SZ) samples and without any rod like structures confirming that Mo oxides were 
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converted into Mo2C or MoOxCy species as interpreted by various researchers [4, 5]. 
Spent catalysts (Figure D.6-d) also show some agglomeration of particles as is expected 
to occur during coking of the catalysts. These results were further confirmed by TEM.   
 
Figure D.6 SEM spectra of various catalysts (a) Sulfated Zirconia (SZ), (b) fresh 5 % 
Mo/SZ, (c) carburized 5%Mo/SZ, (d) spent 5%Mo/SZ 
 
D.2.4 XRD 
Sulfated zirconia has a clear and distinct XRD pattern that has been widely 
reported in the literature [3, 6]. It is also known that, depending on the calcination 
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conditions, different phases of sulfated zirconia can be present. Since the present 
catalysts were prepared by calcining at 550 oC, primarily tetragonal phases are expected 
to be present [3]. Although, some impurities can exist due to calcination conditions and 
can lead to small amount of other phases such as monoclinic. Figure D.7 shows XRD 
spectra for 8 different catalyst samples that includes sulfated zirconia (SZ), fresh and 
spent 1% Mo doped on sulfated zirconia, fresh and spent 5% Mo doped on sulfated 
zirconia, and fresh and spent 10% Mo doped on sulfated zirconia, and also a carburized 
5% Mo doped on sulfated zirconia (SZ). SZ catalyst sample clearly showed all the 
characteristic peaks primarily corresponding to the tetragonal phase (ICDD PDF # 
811544) although some small features at 28o and 31o were observed to be present, 
attributable to monoclinic ZrO2 (ICDD PDF # 37-1484). Mo doped catalysts (all samples: 
fresh, carburized, spent) did not show any difference in the XRD spectra when compared 
with SZ. This suggest that Mo is well dispersed in the sulfated zirconia and most likely in 
the amorphous form although possibility of crystallinity on small scale cannot be 
neglected that can be confirmed using other techniques like TEM. This also suggests that 
the expected MoOxCy and Mo2C are not visible by XRD for carburized and spent samples 
and most likely even after the change in phase from MoO3 (fresh) to Mo2C (spent), the 
form appeared amorphous and without long range order. Also, no significant difference 
in the XRD indicates that the base structure of SZ did not change during the reaction of 
DHA and was stable. Similar results have been reported in the literature [2] for 5%Mo 




Figure D.7 XRD spectra for various catalysts: (a) SZ, (b) Fresh 1%Mo/SZ, (c) Spent 
1%Mo/SZ, (d) Fresh 5%Mo/SZ, (e) Spent 5%Mo/SZ, (f) Carburized 5%Mo/SZ 
 
D.2.5 XANES 
Figure D.8 shows LIII edge spectra for Mo catalyst samples along with 2 reference 
samples of MoO3 and Mo2C. Fresh catalyst resembles very well with MoO3 reference 
sample with the feature of split peaks. These split peaks correspond to t2g and eg splitting 
of 4d orbitals [7] and indicates tetrahedral co-ordination. Similar peaks could also be 
observed in the case of carburized catalysts meaning some of the oxide features of these 
catalysts are still preserved. Spent catalysts on the contrary, showed absorption edge at 
low energy indicating a reduction of Mo and closely resembling Mo2C with absorption 




Figure D.8 LIII edge XANES spectra for 5% Mo/SZ catalysts with different treatments: 




In order to support claims of Mo2C formation, C ‘1s’ XPS was also carried out. 
Figure D.9 shows C ‘1s’ XPS spectra for four samples: fresh 5%Mo/SZ, carburized 
5%Mo/SZ, spent 5%Mo/SZ, and Mo2C (as purchased).  
Fresh catalyst shows peak corresponding to adventitious carbon at 284.6 eV. 
Carburized catalyst show slightly more carbon counts than that of fresh catalyst and the 
peak is slighted shifted towards lower Binding Energy. Mo2C-std shows similar feature 
but the principal peak is also shifted towards lower Binding Energy. Spent 5% Mo/SZ 
catalyst showed the highest amount of carbon deposited as expected and the peak was 
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asymmetric with a long tail indicative of sp2 type of carbon [9, 10]. The peak position for 
principal peak more closely matches that of Mo2C. This is indicative of Mo transition from 
MoO3  MoOxCy  Mo2C. 
 
Figure D.9 'C-1s' XPS spectra for various stages of catalysts; (a) fresh 5%Mo/SZ, (b) 
carburized 5%Mo/SZ, (c) Mo2C-std., (d) spent 5%Mo/SZ 
 
D.2.7 H2-TPR 
In order to test the possibility of formation of H2S under H2 rich environments, H2-
TPR was carried out using a 10% H2/Ar stream. Depending on the type of sample, we 
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observed signals corresponding to H2S starting at different temperature range, as could 
be observed in Figure D.10.  
 
Figure D.10 H2S evolution through H2-TPR (10 K/min) 
 
For 1% Mo loaded SZ catalyst, a sharp peak at around ~ 590 oC could be 
observed. This sample had highest sulfur content amongst all the samples. 5%Mo loaded 
SZ catalyst showed a much earlier H2S evolution starting at ~ 485 oC but a much smaller 
peak. It also showed another peak at 540 oC. But considering the area, it showed much 
less sulfur formation. When a 5%Mo/SZ was calcined at 650 oC, it showed no sulfur 
formation, indicating that only thermally stable sulfate was present. This procedure can 
be used to make more stable catalysts. Further, ICP-OES results discussed in Table D.1 
indicate that not all sulfur reacted with hydrogen to form H2S, and there was still 
measurable sulfur present.  
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D.3 Additional data 
D.3.1 Deactivation of catalysts 
We postulated two deactivation mechanisms for our catalysts: one being loss of 
sulfur, and the other one being coke deposition. The coke deposition part is already 
discussed in the main text. Regarding the loss of sulfur, we observed it through NH3-TPD 
as well as through ICP. Table D.1 shows the elemental composition for the representative 
sample (5% Mo/SZ) for fresh and spent conditions.  















* Spent catalyst refers to the sample recovered after 4 hrs pretreatment + 16 hrs of reaction at 
650 oC over a fresh (oxidized) catalyst. 
 
It shows that the Mo did not undergo any change in elemental composition 
indicating that Mo did not come off during the carburization as well as during the reaction. 
On the contrary, a loss in the content of sulfur is observed for the fresh and spent catalyst. 
This can primarily be attributed to the volatility of sulfur from SO42- at these temperatures. 
Temperature programmed oxidation (TPO) profiles for spent catalysts from other 
runs such as for samples ran at different temperatures (Figure D.11) and for samples ran 
at different space velocities (Figure D.12) are also shown below.  They correlate well with 
what was seen in terms of activity of these catalysts at different temperatures and different 




Figure D.11 TPO curves for spent catalyst samples ran at various temperatures 
(5%Mo/SZ, 1 atm, 0.6 Lgcat-1hr-1) 
 
Figure D.12 TPO profile for spent catalysts ran at different space velocities (5%Mo/SZ, 
1 atm, 650 oC). Units for space velocity are: Lgcat-1hr-1 
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D.3.2 Regeneration of catalysts 
Regeneration of catalysts was also considered. One attempt to regenerate the 
catalyst involved oxidizing the coke using the TPO procedure, then reducing the catalyst 
and subsequently carburizing it as mentioned in the chapter 5 (section 5.2.13 
Carburization and dehydroaromatization (DHA)). This regenerated catalyst was re-run 
following the carburization sequence, however, the activity was not restored and the 
catalyst showed significantly lower CH4 conversions and lower aromatic selectivities. This 
might have oxidized coke from the catalyst surface, but temperatures higher than 650 oC 
and longer times are required.  This would have caused a significant loss of sulfur and a 
loss in the Brønsted acidity. A systematic study of the regeneration of these catalysts, or 
stabilization of sulfate, is beyond the scope of this paper.  
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